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PREFACE. 


With  the  recent  extensive  introduction  of  high  speeds  with  steam 
turbines  and  hydraulic  turbines,  the  importance  of  thoroughly  inves- 
tigating the  influence  of  such  speeds  on  the  design  of  dynamo  elec- 
tric machinery  is  quite  obvious,  and  has  been  the  primary  motive  in 
writing  the  present  treatise.  The  influence  of  the  rated  speed  is, 
however,  so  closely  associated  with  that  exerted  on  the  design  by  the 
rated  output  and  pressure,  that  we  have  found  it  necessary  to  care- 
fully consider  all  three  factors. 

It  would  be  very  difficult  by  customary  methods,  to  disentangle 
the  consequences  of  these  various  influences,  but  by  the  novel 
methods  to  which  we  have  resorted,  a  clear  comprehension  of  the 
subject,  and  the  deduction  of  perfectly  definite  conclusions  have 
been  made  practicable.  Incidently  we  should  like  to  call  attention 
to  these  designing  methods  as  affording  fairly  certain  means  of  arriv- 
ing at  a  more  satisfactory  design  than  is  likely  to  be  obtained  by  the 
use  of  less  practical  and  less  logical  methods. 

Developments  in  the  design  and  construction  of  this  class  of 
machinery  have  been  very  rapid,  and  considerable  progress  has  been 
made  even  during  the  last  few  months:  The  designs  and  construc- 
tions described  in  this  treatise  comprise,  not  only  the  standard 
methods  by  which  the  especial  conditions  imposed  by  high  speeds 
are  being  met,  but  also  various  recent  propositions  which  have  not 
yet  withstood  the  test  of  time. 

The  detailed  studies  of  the  influences  of  the  various  elements  in 
the  design,  especially  of  the  rated  speed,  indicate  the  lines  which 
must  be  followed,  not  only  in  the  electromagnetic  design,  but  also  in 
dealing  with  the  constructional  problems. 

In  the  preparation  of  this  treatise  courtesies  have  been  extended 
to  us  by  many  manufacturing  firms,  both  in  their  corporate  capacity, 
and  through  their  officials  or  designers,  and  we  wish  to  cordially 

iii 


iy  PREFACE. 

express  our  appreciation  of  these  courtesies.     We  believe  the  follow- 
ing to  be  a  complete  list: 

Messrs.  AUgemeine  Elektricitats  Gesellschaft. 
British  Thomson  Houston  Company. 
British  Westinghouse  Company. 
Brown  Boveri  &  Co. 
Brace  Peebles  &  Co. 
Brash  Electrical  Engineering  Company. 
Bollock  Electrical  Manufacturing  Company. 
Dick,  Kerr  &  Co. 
Galvanische  Metal  Papier  Fabrik. 
General  Electric  Company,  U.  S.  A. 
Kolben  &  Co. 

The  Felton-Guillaume,  Lahmeyer  Co. 
Le  Carbone  Company. 
Morgan  Crucible  Company. 
National  Carbon  Company. 
Oerlikon  Company, 
Parsons  &  Co. 
Bateau  Turbine  Company. 
Richardson,  Westgarth  &  Co. 
Joseph  Sankey  &  Co. 
Scott  &  Mountain. 
Siemens  Dynamo  Works,  Ltd. 
Siemens  Schuckert  Works. 

The  following  Engineering  and  Scientific  Societies,  and  technical 
periodicals  have  permitted  us  to  make  use  of  certain  materials  from 
their  publications : 

The  Institution  of^  Electrical  Engineers. 

The  American  Institute  of  Electrical  Engineers. 

Electrical  Review  (England) . 

Electrical  Review  (New  York). 

Electrical  Engineering. 

Electrical  Times. 

Electrician. 

Electrical  World. 

Elektrotechnische  Zeitschrifl. 

Elektrotechnik  und  Maschinenbau. 

Street  Railway  Journal. 

H.  M.  H. 

A.  G.  £. 


CONTENTS. 


PART  I. 
GENERAL   CONSIDERATIOH& 

CHAPTER  I. 

PAOK. 

Introductort 1 

CHAPTER  II. 
Design  CosFFiaENTS  for  Dynamo  Electric  Machinery      6 

CHAPTER  III. 
Criteria  for  Heating  and  for  Temperature  Rise      27 

CHAPTER  IV. 
Materials  for  Construction  of  High  Speed  Electric  Machines   .      45 


PAKT  n. 

ALTERN AXm 6   CURRENT  GENERATORS. 

CHAPTER  V. 
Pressure  Regulation  of  Alternating  Current  Generators   ...      65 

CHAPTER  VI. 

General  Considerations  Relating  to  the  Influence  of  the  Rated 
Output  and  Speed  on  the  Design  of  Alternating  Current 
Generators     88 

CHAPTER  VII. 
General  Procedure  in  Alternator  Design 103 


vi  CONTENTS. 

CHAPTER  VIII. 

PAGE. 

Study  op  the  Influence  op  the  Speed  and  the  Number  op  Poles 

ON  Designs  for  400  kva.  Alternators     .  ' 131 


CHAPTER  IX. 

Study  of  the  Influence  of  Speed,  Number  op  Poles  and  Frequency 
ON  Outline  Designs  for  3000  kva.  Alternators,  for  Various 
Speeds 156 


CHAPTER  X. 

High  Speed  Designs  for  a  Rated  Output  of  6000  kva.    and  a 

Study  of  Large  Designs  in  General 197 


CHAPTER  XI. 
Construction  of  High  Speed  Alternators 219 

CHAPTER  XII. 
Stresses  in  Rotating  Field  Systems 305 


PART  m. 

CONTINUOUS  CURRENT  GENERATORS. 

CHAPTER  XIII. 

General  Considerations  Relating  to  the  Influence  of  the  Rated 
Output,  Voltage,  and  Speed,  on  the  Design  of  Continuous 
Current  Generators 319 

CHAPTER  XIV. 

A  Method  of  Determining  the  Leading  Dimensions  of  Large  High 

Speed  Continuous  Current  Generators 334 


CHAPTER  XV. 

A  Set  of  Preliminary  Designs  for  Continuous  Current  Gene- 
rators FOR  Various  Rated  Outputs  and  Speeds  for  the  Most 
Favourable  Voltages  for  these  Outputs 364 


CONTENTS.  vii 

CHAPTER  XVI. 

PAOK. 

A  Comparative  Study  or  the  Designs  Set  Forth  in  the  Two  Pre- 
ceding Chapters 378 

CHAPTER  XVII. 
Troublesome  Ratings  and  Proposals  for  Their  Designs 3d4 

CHAPTER  XVIII.  . 
CoNSTRUcmoN  OP  High  Speed  Continuous  Current  Generators  .   .     412 

CHAPTER  XIX. 
Brushes  and  Brush  Gear  for  High  Speed  Generators 468 


LIST   OF  ILLUSTRATIONS. 


FIO.  PAGE. 

1.  Curves  showing  relation  of  rated  speeds  and  rated  outputs  for  steam 

turbines  and  other  prime  movers 3 

2.  Curve  showing  relation  of  rated  speeds  and  rated  outputs  for  de  Laval 

turbines 3 

3.  Output  coefficients  of  low  and  moderately  low  speed  alternators    ....  10 

4.  Output  coefficients  of  alternators 11 

5.  Output  coefficients  of  alternators 12 

6.  Output  coefficients  of  alternators 13 

7.  Output  coefficients  of  continuous  current  machines 14 

8.  Output  coefficients  of  continuous  current  machines 15 

9.  Output  coefficient  curves  for  500  volt  continuous  current  machines  at 

different  speeds  and  outputs 16 

10.  Weight  factors  of  alternators      18 

11.  Weight  coefficient  —  total  weight -s- DJl^  for  alternators 19 

12.  Weight  coefficient  —  total  weight  -5-  D^Xg  for  high  speed  alternators     .    .  21 

13.  Weight  coefficient  —  total  weight  -h  D^}g  for  slow  speed  alternators    .    .  22 

14.  Relation  between  total  weight  of  alternators  and  DXg 23 

15.  Relation  between  total  weight  and  D^)ig  for  small  slow  speed  alternators  .  24 

16.  Relation  between  total  weight  and  iy}g  for  large  slow  speed  alternators  .  25 

17.  Relation  of  weight  to  J^Xg  in  continuous  current  machines  at  different 

speeds 26 

18-21.   The  armature  heating  coefficient  for  the  alternating  current  generators 

specified  in  Chapters  VII-X,  calculated  according  to  the  four  methods 

as  set  forth  in  Table  4 32 

22  and  23.   The  armature  heating  coefficients   for   the   continuous   current 

generators  specified  in  Chapter  XV,  calculated  according  to  the  two 

methods  set  forth  in  Table  7 37 

24.   Temperature  tests  of  field  spools.     (Reproduced  by  permission  from  the 

Joum. /.  .B.  J?.,  vol.  38,  p.  421) 42 

25-32.   Curves  showing  effect  of  grade  of  armature  laminations  on  cost  and 

quality  of  continuous  current  generators  for  1000  kw.,  1000  volts,  and 

various  rated  speeds 46 

33.   Ratio  of  Total  Works  Cost  of  1000  kw.  continuous  current  dynamos  with 

special  and  ordinary  grade  laminations 47 

34-41.   Curves  showing  effect  of  grade  of  armature  limitations  on  cost  and 

quality  of  3000  kva.  alternators  for  various  rated  speeds 48 

iz 


X  LIST  OF  ILLUSTRATIONS. 

Fia.  pA.a». 

42.   Ratio  of  Total  Works  Cost  of  3000  kva.  alternating  current  generator  with 

special  and  ordinary  grade  armature  laminations 49 

43-50.  Curves  showing  effect  of  grade  of  armature  laminations  on  cost  and 
quality  of  400  kva.  alternators  for  various  rated  speeds.  (The  points 
®  relate  to  the  rotating  armature  designs  of  column  D  of  specification 
on  pp.  131-135) 51 

51.  Ratio  of  Total  Works  Cost  of  400  kva.  alternating  current  generator  wit!i 

special  and  ordinary  grade  armature  laminations.     (Point  A  relates  to 

a  rotating  armature  design) 52 

52.  Epstein  sheet  iron  tester 52 

53.  Wound  sample  of  Epstein  iron  tester 53 

54.  Curves  showing  the  energy  losses  in  armature  stampings  (thickness  0.4  to 

0.5  mm.).     For  periodicity  of  50  cycles  and  for  different  densities     .    .       55 

55.  Curves  showing  the  effect  of  the  thickness  of  the  stampings  on  the  figure 

of  loss  (watts  per  kg.  at  a  periodicity  of  50,  and  a  density  of  10,000)  for 
stampings  by  Messrs.  Sankey  of  Belston,  England 56 

56.  Saturation  curves  used  in  designing  the  magnetic  circuit  of  electric 

machines 59 

57.  57 A  and  58.   Vector  diagrams  relating  to  pressure  regulation 69 

59.  Slot  of  3000  kva.  alternator 71 

60.  Saturation  curves  for  3000  kva.  3-phase  750  r.p.m.  8-pole  50  cycle  11,000 

volt  alternator 75 

61.  Alternator  magnet  cores 76 

62.  Straight  line  saturation  curves 81 

63.  Saturation  curves  showing  the  effect  of  the  radial  depth  of  the  air  gap 

upon  the  regulation  of  a  6000   kva.  3-pha8e  6-pole  750  r.p.m.  37.5 
cycle  11,000  volt  alternating  current  generator 83 

64.  Curves  showing  relation  between  regulation  and  relative  proportions  of 

air  gap  and  iron  ampere  turns  for  a  600  kva.  alternator 84 

65.  Curves  showing  relation  between  field  excitation  radial  depth  of  air  gap 

short  circuit  current  and  regulation  for  6000  kva.  alternator 85 

66.  Behrend's  curve,  showing  comparative  weights  of  1000  kw.  3-phasc  25- 

cycle  generators  at  different  rated  speeds 93 

67.  1375  kva.  3-phajBe  64-pole  94  r.p.m.  50-cycle  5500-volt  alternating  current 

generator 94 

68.  1500  kva.  3-phajBe  6-pole  1000  r.p.m.   50-cycle  11, 000- volt  alternating 

current  generator 94 

69.  Curves  showing  air  gap  diameter  for  25-cycle  polyphase  alternators  as  a 

function  of  the  rated  output  for  various  speeds 104 

70.  Curves  showing  air  gap  diameter  for  50-cycle  polyphase  alternators  as  a 

function  of  the  rated  output  for  various  speeds 105 

71.  Curves  showing  values  of  K,  the  "voltage  coefficient,"  in  the  E.M.F. 

formula 112 

72.  Outline  of  field  of  650  kva.  alternator 114 


LIST  OF  ILLUSTRATIONS.  xi 

no.  PAOB. 

73.  Curve  showing  thickness  of  armature  slot  insulation  for  alternating  cur- 

rent generators 117 

74.  Armature  slot  for  650  kva.  alternator 118 

75.  Curves  for  estimating  the  total  armature  core  loss  in  alternating  current 

generators 119 

76.  Saturation  curve  for  650  kva.  3-phase  4-pole  1500  r.p.m.  50-cycle  500-  ^ 

volt  alternator  .    .  • 123 

77.  Outline  drawing   of   assembly  of  650  kva.  1500  r.p.m.  50-cycle  4-pole 

3-phaBe  alternating  current  generator 126 

77 A.   Outline  drawing  of  assembly  of  650  kva.  1500  r.p.m.  50-cycle  4-pole 

3-phase  alternating  current  generator 127 

78.  Outline  drawings  of  400  kva.  3-phase  50-cycle  alternators  for  various 

speeds      facing  131 

79.  400   kva.    4-pole    1500    r.p.m.    50-cycle    3000-volt    alternating    current 

generator 132 

80.  D)ig  and  D^lg  for  400  kva.  alternators 138 

81.  Specific  electric  and  magnetic  loadings  a  and  /9  and  output  coefficient 

^  for  400  kva.  alternators 139 

82.  Losses  and  efficiencies  for  400  kva.  alternators 140 

83.  Air  gap  and  iron  ampere  turns  in  per  cent  of  total  field  ampere  turns,  and 

ratio  of  field  ampere  turns  to  armature  ampere  turns  for  400  kva. 
alternators 142 

84.  Armature  and  field  strengths,  depth  of  air  gaps,  and  kilowatts  per  pole 

for  400  kva.  alternators 143 

85.  Weight  and  cost  of  effective  material  for  400  kva.  alternators 144 

86.  Total  net  weight  and  weight  coefficients  for  400  kva.  alternators    ....  145 

87.  No  load  saturation  curves  of  500  kva.  3600  r.p.m.  60  cycle  2-pole  4000 

volt  alternator 148 

88.  Curves  of  iron  loss  for  various  voltages  on  open  circuit  for  500  kva.  3000 

r.p.m.  60  cycle  2-pole  4000  volt  alternator 149 

89.  Curves  of  short  circuit,  armature  PR^  and  load  iron  loss  on  short  circuit 

for  500  kva.  3000  r.p.m.  60  cycle  2-pole  400  volt  alternator 150 

90.  Curves  for  losses  and  efficiency  of  500  kva.  3600  r.p.m.  60  cycle  2-pole 

400  volt  alternator 151 

91.  Saturation  curve  for  400  kva.  3-phase  2-pole  3000  r.p.m.  50  cycle  550 

volt  alternator  (rotating  field) 153 

92.  Saturation  curve  for  400-kva.  3-phase  2-pole  3000  r.p.m.  50  cycle  550 

volt  alternator  (rotating  armature) 154 

93.  Outline  drawings  of  3000  kva.  25  cycle  11,000  volt  alternating  current 

generators  at  various  rated  speeds  from  750  r.p.m.  4  poles  to  83  r.p.m. 

36  poles facing  169 

94.  Outline  drawings  of  3000  kva.  25  cycle  11,000  volt  alternating  current 

generators  at  various  rated  speeds  from  750  r.p.m.  4  poles  to  83  r.p.m. 

36  poles facing  169 

95.  D}g  and  E^lg  as  function  of  rated  speed  for  3000  kva.  25  cycle  designs  .     171 


xii  LIST  OF  ILLUSTRATIONS. 

FIO.  PAOB. 

96.  Specific  electric  and  magnetic  loading  a  and  fi  for  3000-kva.  25  cycle 

S-phase  alternator 172 

97.  Losses  for  3000  kva.  25  cycle  3-pha8e  alternator 173 

98.  Flux  per  pole  and  total  flux  for  ^000  kva.  25  cycle  3-phase  alternator    .  174 

99.  Armature  strength  and  total  flux  for  3000  kva.  25  cycle  3-phase  alter- 

♦    nator 175 

100.  Air  gap  depth  and  armature  strength  for  3000  kva.  25  cycle  S-phase 

alternator 176 

101.  Weight  and  cost  of  effective  material  for  3000  kva.  25  cycle  S-phase 

alternator 178 

102.  Total  net  weights  and  weight  coefficients  for  3000  kva.  25  cycle  3-pha8e 

alternators 180 

103.  104  and  106.    Outline  drawings  of  3000  kva.  alternators facing  189 

104.  105  and  106.    Outline  drawings  of  3000  kva.  50-cycle  alternators,  facing  189 

107.  DXQf  D^Xg  and  output  coefficient  for  3000  kva.,  50-cycle,  1 -phase  alter- 

nator       188 

108.  Specific  magnetic  and  electric  loading,  fi  and  a,  and  for  3000  kva.  50- 

cycle  3-phase  alternators 189 

109.  Losses  for  3000  kva.  50  cycle  3-phase  alternator      190 

110.  Weight  and  cost  of  effective  material  for  3000  kva.  50-cycle  3-phase 

alternator 191 

111.  Total  net  weight  and  weight  coefficient  for  3000  kva.  50-cycle  3-pha8e 

alternator 191 

112.  Curves  showing  weight  and  cost  of  effective  materials  of  3000  kva.  25 

and  30  cycle  3-phase  alternators  for  various  rated  speeds 192 

113.  Curves  showing  total  net  weight  of  3000  kva.  25  and  50-cycle  3-phase 

alternators  for  various  rated  speeds 193 

114.  Weight  and  cost  of  effective  material  for  3000  kva.  25  and  50  cycle 

3-phase  alternator 194 

115.  Total  net  weights  for  3000  kva.  25  and  50  cycle  3-phase  alternators    .    .  195 

116.  Outline  drawings  of  4,  6  and  8-pole,  750  r.p.m.,  6000  kva.  alternators  198 

117.  Saturation  curve  for  4-pole  750  r.p.m.,  6000  kva.  alternator 199 

118.  Saturation  curve  for  6-pole  750  r.p.m.,  6000  kva.  alternator 200 

119.  Saturation  curve  for  8-pole,  750  r.p.m.,  6000  kva.  alternator 201 

120.  a,  P  and  ^  for  6000  kva.  designs 205 

121.  Curves  of  flux  and  armature  strength  in  6000  kva.  designs 206 

122.  Curves  for  armature  strength  and  depth  of  air  gap  for  6000  kva.  designs  207 

123.  Curves  for  weight  and  cost  of  effective  material  for  6000  kva.  altematore  208 

124.  Curves  for  the  total  weight  and  for  the  weight  coefficients  for  6000  kva. 

alternators 209 

125-127.   Outline  drawings  for  1500,  3000,  and  6000  kva.  8-pole  750  r.p.m. 

50-cycle  alternators 210 

128.   D*;i(7  and  DA^  for  11, 000- volt  3-phase  8-pole  50-cycle  alternators     ...  214 


LIST  OF  ILLUSTRATIONS.  xiii 

PIG.  PAOK. 

129.  Annature  ampere  turns  and  kva.  per  pole  and  air  gap  length  and  ratio 

of  field  to  armature  ampere  turns  for  11000- volt  3-phase  8-pole  50-cycle 

alternators 215 

130.  Weight  and  cost  curves  for  ll,000-volt3-phase  8-pole  50-cycle  alternators  215 

131.  Total  net  weights  and  weight  coefficient  for  11, 000- volt  8-pole  50-cycle 

3-phase  alternators 216 

132.  Total  weight  of  machines  and  weight  and  cost  of  effective  material  per 

kva.  for  11, 000- volt  8-pole  50-cycle  3-phase  alternators 217 

133.  Open  type  stator  frame 219 

134.  Alternator  with  open  frame  —  (Allgemeine  Electricitats  Gesellschaft) .    .  220 

135.  Section  of  Westinghouse  turbo-alternator  stator 221 

136.  Section  of  B.  T.  H.  turbo-alternator  stator 221 

137.  Section  of  ribbed  stator  frame      221 

138.  Enclosed  frame  for  forced  ventilation  —  Lahmeyer  Company 222 

139.  Group  of  Lahmeyer  turbo-alternator  stators 223 

140.  C.  E.  L.  Brown's  ventilating  scheme  for  turbo-generator 224 

141.  Oerlikon  Company's  ventilating  scheme  for  turbo-generators 224 

142.  Oerlikon  Company's  ventilating  scheme  for  a  turbo-generator 225 

143.  Oerlikon  Company's  ventilating  scheme  for  a  turbo-generator 225 

144.  Lower  half  of  frame  of  1100  kw.  1500  r.p.m.  alternator  —  Oerlikon  Co.  .  226 

145.  Lower  half  of  frame  of  1100  kw.  1500  r.p.m.  alternator  —  Oerlikon  Co.  .  227 

146.  Assembling  upper  half  of  armature  of  1100  kw.  1500  r.p.m.  alternator    .  228 

147.  Turbo-alternator  with  forced  ventilation.     (Built  by  Messrs.  Siemens 

Bros.,  Ltd.) 229 

148.  Section   of  an   Allgemeine   Electricit£lts   Gesellschaft   turbo-alternator, 

water-cooled 230 

149.  Spiral  coil 230 

150.  Lap  coil 230 

151.  Single-phase  whole  coiled  winding 231 

152.  Single-phase  half  coiled  winding 232 

153-156.   Elements  of  alternating  current  armature  landings 233 

157.  Sections  of  armature  end  windings 234 

158.  Woimd  bipolar  armature  of  Oerlikon  400-kw.  5000-volt  42-cycle  2520- 

r.p.m.  turbo-alternator  with  a  2-pole  2-phase  whole  coiled,  sextuple 

coil  spiral  winding 235 

159.  Armature  of  Westinghouse  5500-kw.  4-poIe  1000-r.p.m.  33-cycle  11,000- 

volt  turbo-alternator  with  a  4-pole  3-phase  half  coiled  octuple  coil 

spiral  winding 236 

160.  Winding  armature  of  5500  kw.  Westinghouse  alternator 237 

161.  Armature  winding  of   1500-kw.    1000   r.p.m.   6-pole  50  cycle  British 

Thomson-Houston  Curtis  turbo-alternator 238 

162.  Armature  winding  and  slot  of  1500  kw.  British  Thomson-Houston  alter- 

nator       239 

163-165.   Methods  of  retaining  end  windings  of  turbo-alternator  armatures     .  240 


xiv  LIST  OF  ILLUSTRATIONS. 

FIG.  PAOB. 

166.   Method  of  retaining  armature  windings  of  3000  kva.  4-pole  alternator  — 

,          (G.  E.  Co.  of  America) 241 

167-168.   Methods  of  retaining  armature  end  windings 242 

169.  Turbo-alternator  armature   of   Lahmeyer  Company  showing  arrange- 

ments for  securing  end  windings      243 

170.  Winding  a  2-pole  B-phase  armature  —  Bruce  Peebles  &  Co 244 

171.  Armature  of    5000-kw.  S-phase   10,500-volt  1000-r.p.m.  50-cycle  alter- 

nator —  Brown  Boveri  &  Co 245 

172.  Armature  of  3000-kw.  single  phase  3000-voIt  45-cycle  1360-r.p.m.  alter- 

nator —  Brown  Boveri  &  Co 246 

173.  Armature    of    1000-kw.    370-volt    1500-r.p.m.    50-cycle    alternator  — 

Brown  Boveri  &  Co 247 

174-176.   C.  E.   L.  Brown's  cylindrical  slotted  rotating  field  constructions 

(from  D.  R.  P.  138,253  of  1901) 248 

177.  Finished  rotor  of  a  Brown  Boveri  turbo-alternator 250 

178.  Finished  rotor  of  Lahmeyer  turbo-alternator 251 

179.  An  instance  of  an  early  Oerlikon  type  of  ring  wound  field 252 

180.  Rotating  armature  of  an  early  type  of  200  kw.  polyphase  alternator  built 

by  the  Oerlikon  Company 253 

181.  Unwound  field  of  250  kw.  Oeriikon  alternator 253 

182.  An  Oerlikon  4-pole  rotating  field  wound.     (End  shields  removed.)  .    .    .  254 

183.  Finished  rotor  of  bipolar  2-phase  400-kw.  5000-volt  42-cycle  2520-r.p.m. 

Oerlikon  alternator 255 

184.  Laminations  for  rotating  fields  of  Oerlikon  high  speed  alternators    .    .    .  255 

185.  A  Westinghouse  2-pole  field  structure .  256 

186.  A  Westinghouse  4-pole  field  structure 257 

187.  End  bell  of  Westinghouse  rotor 257 

188.  Bipolar  laminated  field  —  Westinghouse  Company  300-kva.  3000-r.p.m. 

6600-volt  50-cycle  3-phase 258 

189.  Turbo-alternator  field  —  Walker  compensated   type   3-phase  650-kva. 

25-cycle  1500-r.p.m 258 

190.  Walker  compensated  type  field  for  3000-kva.  3-phase  25-cycle  750-r.p.m. 

6600-volt  alternator 259 

191.  2-pole  rotating  field  for  500-kw.  A.E.G.  alternator 260 

191A.    Section  of  coil  retaining  wedges  of  A.E.G.  rotor 260 

192.  Rotor  of  A.E.G.  turbo-alternator  showing  field  coils  in  place 261 

192A.   Complete  rotor  of  A.E.G.  turbo-alternator 261 

193.  Smooth  core  rotor  of  the  American  General  Electric  Company's  4-pole 

9000  kva.  750  r.p.m.  alternator 262 

194.  Finished  rotor  of  the  American  General  Electric  Co.'s  4-pole,  9000-kva 

alternator      262 

195.  Bullock  Co.'s  smooth  core  rotating  field  construction 263 

196.  A  Siemens-Schuckert  rotating  field  for  bipolar  alternator 264 


LIST  OF  ILLUSTRATIONS.  xv 

FIO.  PAGE. 

197.  A   method   of   clamping   field    coils.     (General   Electric    Company   of 

America.) 264 

198.  Definite  pole  rotor  for  6-poIe  5000  kva.  5000  r.p.m.  alternator  for  Twin 

City    Rapid    Transit    Company.     (General    Electric    Company    of 

America.) 265 

199A  and  B.   Angle  brackets  for  retaining  field  coils 265 

200.  Subdivided  field  coil 266 

201.  4-pole  rotating  field  for  1500  kw.  1500  r.p.m.  Bruce  Peebles  alternator  .  267 

202.  General  arrangement  of  3000  kw.  Dick  Kerr  turbo-alternator 268 

203.  Complete  rotor  of  a  Dick  Kerr  turbo-alternator 269 

204.  Methods  of  attaching  pole  cores  and  pole  shoes 270 

205.  General  arrangement  of  4000  kw.  3-phase  400  r.p.m.  60  cycle  2400  volt 

alternator  designed  by  Rushmore 271 

206.  Assembled  field  core  of  4000  kw.  alternator,  designed  by  Rushmore    .    .     272 

207.  Wound  field  of  4000  kw.  alternator,  designed  by  Rushmore 273 

208.  Field  coil  retaining  pieces  for  Westinghouse  3750  kw.  20-pole  3-phase 

2200  volt,  30  cycle  1000  r.p.m.  alternator 274 

209  and  210.   Field  magnet  stampings  of  Westinghouse  3750  kw.   20-pole 

alternator 275 

211.  General  arrangement  of  1200  kva.  3-phase  1500  r.p.m.  4-pole  50  cycle 

1155-2000  volt  Oerlikon  turbo-alternator facing  275 

212.  General  arrangement  of  250  kva.  3-phase  3000  r.p.m.  2-poIe  50  cycle 

Oerlikon  turbo-alternator facing  277 

213.  1000  kva.  5200  volt  1500  r.p.m.  Oeriikon  single-phase  turbo-generator    279 

214.  General  arrangement  of  1000  kva.  1500  r.p.m.  4-pole  50  cycle  5200  volt 

single  phase  Oerlikon  turbo-alternator facing  283 

215.  Stator  and  rotor  lamination  of  1000  kva.  single  phase  turbo-alternator  . 

facing  283 

216.  Characteristic  curves  of  1000  kva.  5200  volt  50-cycle  single  phase  Oerlikon 

alternator 283 

217.  General  arrangement  of   1000  kva.    1500   r.p.m.   2000   volt  standard 

3-pha8e  alternator  —  Brown  Boveri  &  Co facing  285 

218.  General  arrangement  of  1500  kva.  1000  r.p.m.  6-pole  British  Thomson- 

Houston  alternator 285 

219.  Stator  frame  of  British  Thomson-Houston  Company's  1500  kva.  turbo- 

alternator     286 

219A.     Armature  laminations  of  British  Thomson-Houston  Company's  1500 

kva.  turbo-alternator 286 

220.  Rotating   field   construction   of    1500   kva.   British   Thomson-Houston 

turbo-alternator 288 

220A.  Field  collector,  rings  of  1500  kva.  British  Thomson-Houston  turbo- 
alternator     289 

221.  1500  kva.  1000  r.p.m.  British  Thomson-Houston  Curtis  turbo-alternator  290 

222.  Rotating  field  of  1500  kva.  British  Thomson-Houston  turbo-alternator  .  291 


xvi  LIST  OF  ILLUSTRATIONS. 

FIG.  PAOB. 

223.  Saturation  curve  of  1500  kw.  3-pha8e  11,000  volt  50  cycle  1000  r.p.m. 

British  Thornton-Houston  turbo-alternator 294 

224.  General  arrangements  of  500  kw.  3-phaae  4-pole  1500  r.p.m.  50  cycle 

550  volt  Scott  and  Mountain  turbo-alternator      295 

225.  Armature  winding  diagram  and  details  of  slot  of  500  kva.  S-phase  turbo- 

alternator     296 

226.  Rotor  lamination  of  500  kva.  Scott  and  Mountain  turbo-alternator     .    .     297 

227.  Heyland's  600-kw.  2-pole  3000  r.p.m.  330-volt  50-cycIe  S-phaae  self- 

compounding  alternator 302 

227 A.   Diagrammatic  sketch  of  Heyland's  self-compounding  alternator    .    .    .  303 

228.  Rotating  field  for  4-pole  50-kva.  alternator 307 

229.  Rotating  field  for  6-pole  1000-kva.  alternator 312 

230.  Total  Works  Cost  of  500  kw.  250  volt  continuous  current  generator  for 

various  rated  speeds 320 

231.  Curve  of  relation  of  minimum  T.W.C.  to  speed  for  250  volt  continuous 

current  generators 321 

232.  Total  Works  Cost  curves  for  500  kw.  250-volt  continuous  current  machines    323 

233.  Sketches  showing  outlines  of  500  kw.  250-volt  machines  for  various 

rated  speeds  and  designed  on  three  different  principles 325 

234.  Magnet  pole  sections  and  perimeters 330 

235.  Curve  showing  the  effect  of  the  shape  of  the  magnet  core  on  the  weight 

of  the  magnetizing  copper  required 331 

236.  Curve  showing  the  value  of  "  K "  in  the  formula  il  ^  '"  K"  X  f^g  X 

R  X  F  X  10-«  for  estimating  the  reactance  voltage      335 

237.  Reactance  voltage  curves  for  various  6-pole  1000   r.p.m.  designs  for 

various  armature  strengths 338 

238.  Reactance  voltage  curves  for  6-pole   1000  r.p.m.   designs  for  various 

diameters 340 

239.  Curves  showing  suitable  armature  ampere  turns  per  centimetre  of  per- 

iphery for  continuous  current  machines  for  500  volts 341 

240.  Output  coefficients  of  continuous  current  dynamos 343 

241.  Reactance  voltage  curves  for  6-pole  1000  r.p.m.  designs  for  various  out- 

puts and  diameters 346 

242.  Design  chart  for  determining  preliminary  dimensions  and  reactance 

voltages  for  6-pole   continuous  current  dynamos  at   various   rated 
speeds  and  outputs facing  347 

243.  Reactance  voltage  curves  for  6-pole  designs  for  >i^  «  30 347 

244.  Reactance  voltage  curves  for  6-pole  designs  for  >i^  —  30 348 

245.  Design  chart  for  preliminary  dimensions  and  reactance  voltages,  r,  of 

1000  r.p.m.  continuous  current  dynamos  with  various  numbers  of 
poles facing  349 

246.  Reactance  voltage  curves  for  1000  r.p.m.  designs  for  various  numbers  of 

poles  and  various  gross  core  lengths facing  349 


LIST  OF  ILLUSTRATIONS.  xvii 

VIO.  PAGE. 

247.  Design  chart  for  continuous  current  generators  for  obtaining  the  pre- 

liminary dimensions  and  the  reactance  voltages  for  any  rated  outputs 
and  speed facing  349 

248.  Design  chart  for  obtaining  preliminary  dimensions  and  reactance  volt- 

ages of  125  r.p.m.  continuous  current  dynamos  with  various  numbers 

of  poles facing  349 

249.  Design  chart  for  obtaining  preliminary  dimensions  and  reactance  volt- 

ages of  250  r.p.m.  continuous  current  dynamos  with  various  numbers 

of  poles facing  349 

250.  Design  chart  for  preliminary  dimensions  and  reactance  voltage  of  1000 

r.p.m.  continuous  current  dynamos  with  various  numbers  of  poles  .    .     349 

251-255.  Curves  relating  to  preliminary  designs  for  500  kw.  250  volt  continu- 
ous current  machines  for  various  speeds  plotted  from  schedules  in 
Tables  48  to  53 facing  353 

256.  Data  of  500-kw.  250-volt  designs  at  different  rated  speeds  selected  from 

curves  in  Figs.  251-255 355 

257.  Curves  relating  to  preliminary  designs,  for  250,  500  and  1000-volt  500-kw. 

continuous  current  generators  for  various  rated  speeds  ....     facing  361 

258.  Curves  showing  technical  data  of  fifteen  250-kw.  continuous  current 

generators  plotted  from  designs  given  in  Table  55 facing  361 

259.  Curves  showing  technical  data  of  fifteen  500-kw.  continuous  current 

generators  plotted  from  designs  given  in  Table  56 facing  361 

260.  Curves  showing  technical  data  of  fifteen  1000-kw.  continuous  current 

generators  plotted  from  designs  given  in  Table  57 facing  361 

261.  Outline  sketches  of  250-kw.  250-volt  continuous  current  dynamos  for 

rated  speeds  ranging  from  125-3000  r.p.m 365 

262.  Outline  sketches  of  500-kw.  500-volt  continuous  current  dynamos  for 

rated  speeds  ranging  from  125-2500  r.p.m 366 

263.  Outline  sketches  of  1000-kw.  1000-volt  continuous  current  dynamos  for 

rated  speeds  ranging  from  125-2000  r.p.m 367 

264.  Outline  sketches  of  250,  500  and  1000  kw.  dynamos  (Figs.  261,  262,  263 

brought  together) facing  373 

265.  Values  of  "K"  in  the  formula  Total  Works  Cost  in  dollars  =  /C  X  D  X 

(iflf  +  0.7  t) 373 

266-269.   Graphic  determination  of  Total  Works  Cost  of  250  kw.  continuous 

current  dynamos  for  various  rated  speeds 374 

270,  271.   Graphic  determination  of  effective  costs  and  effective  weights  of 

250-kw.  250-volt  continuous  current  dynamos  at  different  rated  speeds  375 
272-274.   Graphic  determination  of  reactance  voltage,  armature  heating  and 

full  load  efficiency  of  250  kw.  250  volt  continuous  current  dynamo 

for  various  rated  speeds 376 

275.  Curves  showing  effective  weight,  cost  of  effective  material  and  Total 

Works  Cost  of  250,  500  and  1000  kw.  continuous  current  dynamos  for 
various  rated  speeds facing  377 

276.  Curves  showing  technical  data  of  250,  500  and  1000  kw.  continuous  cur- 

rent dynamos  for  various  rated  speeds facing  377 


xviii  LIST  OF  ILLUSTRATIONS. 

FIO.  PAQK. 

277.  Curves  showing  in  comparison  the  technical  data  obtained  from  the 

designs  by  chart  method  in  Tables  55,  56,  and  57,  Chapter  XIV,  and 
designs  given  in  specification  in  Table  58  of  Chapter  XV 383 

278.  Curves  showing  values  of  reactance  voltages,  volts  per  segment,  and 

commutator  peripheral  speeds  for  45  preliminaiy  designs  for  contin- 
uous current  generators  of  various  rated  outputs,  voltages  and  speeds     385 

279.  Curves  showing  values  of  Total  Works  Cost  in  dollars  and  total  weight 

in  kilograms  for  45  preliminary  designs  for  continuous  current  genera- 
tors of  various  rated  outputs,  voltages  and  speeds 386 

280.  Curves  showing  values  of  armature  ampere  turns  per  pole,  flux  per 

pole  in  megalines  and  cycles  per  second  for  45  preliminary  designs  for 
continuous  current  generators  of  various  rated  outputs,  voltages  and 
speeds 387 

281.  Curves  showing  heating  constants  expressed  in  watts  per  sq.  dcm.  of 

surface  for  armature,  commutator  and  field  spools  for  45  preliminary 
designs  for  continuous  current  generators  of  various  rated  outputs, 
voltages  and  speeds 388 

282.  Curves  showing  conmiutator  diameter,  length  of  segment  and  width  of 

segment  insulation  for  45  preliminary  designs  for  continuous  current 
generators  of  various  rated  outputs,  voltages  and  speeds 389 

283.  Curves  showing  values  of  brush  PR  loss,  brush  friction  loss  and  total 

commutator  loss  for  45  preliminary  designs  for  continuous  current 
dynamos  of  various  rated  outputs,  voltages  and  speeds 390 

284.  Curves  showing  values  of  armature  PR  loss,  armature  iron  loss  and 

total  armature  loss  for  45  preliminary  designs  for  continuous  current 
generators  of  various  rated  outputs,  voltages  and  speeds 391 

285.  Curves  showing  values  of  armature  loss,  commutator  loss,  field  loss, 

friction  loss  and  total  losses  for  45  preliminary  designs  for  continuous 
current  generators  of  various  rated  outputs,  voltages  and  speeds     ,    .     392 

286.  Curves  showing  values  of  full  load,  half  load  and  quarter  load  efficiencies 

for  45  preliminary  designs  for  continuous  current  generators  of  various 
rated  outputs,  voltages  and  speeds 393 

287.  Various  designs  for  a  1000  kw.  1000  r.p.m.  1000  volt  dynamo,  with 

various  reactance  voltages 396 

288.  Suggested  arrangement  for  the   1000  kw.  6-pole,  1000  volt  1000  r.p.m. 

C.C.  generator,  having  an  extended  armature  core  for  the  interpoles  .     401 

289.  Proposed  method  for  obtaining  good  commutation 402 

290.  Diagrammatic  2-pole  representation  of  rotary  converter  scheme  for  a 

continuous  current  turbo-generator 406 

291.  Vector  diagram  for  alternating  current  generator 408 

292.  Excitation  regulation  curves  for  1000  k.w.  alternator 408 

293.  Excitation  regulation  curves  for  1000  kw.  alternator 409 

294.  General  arrangement   of  high   speed  continuous  current  generator  — 

1000  kw.  6-pole  1000  r.p.m 413 


LIST  OF  ILLUSTRATIONS.  xix 

wn,  PAOB. 

295.  Outline  sketches  of  1000  kw.  1000  r.p.m.  continuous  current  generator 

with  commutator  dimensions  proportioned  for  various  voltages  em- 
ploying ordinaiy  carbon  brushes 414 

296.  Outline  sketches  of  a  1000  kw.  1000  r.p.m.  continuous  current  gener- 

ator, for  different  voltages,  showing   reduced   commutator  lengths 
effected  by  the  use  of  special  brushes 416 

297.  Armature  of  Parsons'  first  turbo-dynamo 419 

298.  Armature  for  Oerlikon  200  kw.  220-250  volt  3000  r.p.m.  continuous 

current  generator 419 

299.  Field  system  for  Oerlikon  200  kw.  220-250  volt  3000  r.p.m.  continuous 

current  generator 420 

300.  Method  of  holding  down  end  connections  by  means  of  metal  end-bells    .  421 

301.  Method  of  reducing  centrifugal  force  at  the  surface  of  end  connections   .  421 

302.  Sketch  showing  typical  high  speed  commutator  construction 422 

303-304.   Methods  used  for  interlocking  commutator  segments 423 

305.   Method  for  obtaining  improved  commutator  ventilation  where  sufficient 

diameter  is  obtainable 423 

306-^307.   Ventilated  conmiutator  patented  by  Siemens  Bros.,  D3mamo  Works  t 

limited 424 

307A  and  B.   Miles  Walkers'  Commutator  Construction 425 

308.  Brown  Boveri  250  kw.,  2700  r.p.m.,  150-volt  turbo-generator    .    .   facing  427 

309.  Field  frame  and  core,  without  windings,  of  a  135  kw.  Brown  Boveri 

continuous  current  3000  r.p.m.  turbo-generator 428 

310.  Field  frame,  core  and  windings,  of  a  135  kw.  Brown  Boveri  continuous 

current  3000  r.p.m.  turbo-generator 429 

311.  Finished  armature  and  commutator  of  a  Brown  Boveri  135  kw.  continu- 

ous current  generator  at  3000  r.p.m 430 

312.  Armature  of  Richardson  Westgarth  and  Brown  Boveri 's  1000  kw.  550 

volt  1250  r.p.m.  4-pole  continuous  current  turbo-generator 432 

313.  Richardson  Westgarth  and  Brown  Boveri  1000  kw.  1250  r.p.m.  4-pole 

continuous  current  turbo-generator 432 

314.  Large  steam  turbine  unit  installed  at  the  Rhenish  Westphalian  Works 

at  Essen,  consisting  of  a  10,000  h.p.  turbine  coupled  to  a  5000  kw. 
alternator  and  a  1500  kw.  continuous  current  generator 433 

315.  Armature  of  a  1500  kw.  continuous  current  generator  belonging  to  the 

set  shown  in  Fig.  314 434 

316.  Curves  plotted  from  Table  70  showing  total  weight  of  continuous  current 

,  kilowatts  X  100 

turbo-generators  m  terms  of  -— : —       435 

Revs,  per  nun. 

317.  Curves  plotted  from  Table  71  showing  floor  space  required  by  continu- 

ous current  turbo-generators  of  various  outputs 436 

318.  500  kw.  1500  r.p.m.  250  volt  continuous  current  turbo-generator  built 

by  Siemens  Bros.  Dynamo  Works 438 

319.  750  kw.  Siemens  continuous  current  generator  for  turbine  drive  with 

commutator  poles.    Speed  1600  r.p.m 440 


XX  LIST  OF  ILLUSTRATIONS. 

no.  PAOC. 

320.  General  arrangement  of  750  kw.  250  volt,  1500  r.p.m.  continuous  current 

generator facing  441 

321.  Diagram  of  winding  for  auxiliary  field  circuit  connections  of  750  kw. 

high  speed  continuous  current  generator 442 

322.  British  Westinghouse  Company's  375  kw.  2500  r.p.m.  250  volt  continuous 

current  turbo-dynamo  with  rotating  portion  removed 446 

323.  200  kw.  2000  r.p.m.  110  volt  continuous  current  turbo-dynamo  built  by 

the  British  Westinghouse  Company 447 

324.  20  kw.  continuous  current  turbo-generator  by  the  A.E.G 451 

325.  100  kw.  continuous  current  turbo-generator  by  the  A.E.G 451 

326.  Field  system  of  an  A.E.G.  turbo-generator  showing  shunt  coils  and  Deri 

winding  in  place 452 

327.  100  kw.  3000  r.p.m.  125  volt  turbo-generator  by  the  Rateau  Turbine 

Company  of  Chicago 453 

328.  100  kw.  turbo-generator  by  the  Rateau  Turbine  Company  of  Chicago     .  454 

329.  Radial  type  of  homopolar  generator 456 

330.  Axial  type  of  homopolar  dynamo 456 

,331.   Noeggerath's  500  kw.  homopolar  dynamo 457 

332.  Armature  of  500  kw.  Noeggerath  homopolar  generator 458 

333.  Efficiency  curves  of  300  kw.  500  volt  homopolar  dynamo 459 

334.  Armature  slot  for  1000  kw.  continuous  current  generator 461 

335.  Commutator  segment  for  1000  kw.  continuous  current  generator     .    .    .  462 

336.  Variation  of  contact  resistance  with  brush  pressure  for  a  soft  carbon  .    .  472 

337.  Variation  of  contact  resistance  with  brush  pressure  for  a  hard  brush 

employed  in  service  where  heavy  pressure  is  required 473 

338.  Variation  of  contact  resistance  with  peripheral  speed  of  commutator  .    .  474 

339.  Curves  for  establishing  brush  friction  loss  at  commutator  for  a  brush 

pressure  of  0.1  kg.  per  sq.  cm 476 

340.  Noeggerath's  tests  of  voltage  drop  between  copper  brushes  and  a  cast 

steel  ring 481 

341.  Total  losses  in  the  steel  slip  rings  of  Noeggerath 's  400  kw.  homopolar 

machine 481 

342.  Burleigh's  construction  for  compound  brushes 482 

343.  Variation  of  contact  resistance  and  voltage  drop  with  current  density 

for  Moiiganite  brushes 484 

344.  Curves  for  obtaining  the  commutator  losses  with  Morganite  brushes,  facing  485 

345.  Typical  arrangement  of  brush  gear  for  pilot  brushes 485 

346.  Brown  Boveri  brush  gear  for  turbo-generators,  showing  pilot  brushes     .    .  486 

347.  Brush  contact  losses  for  Bronskol  and  carbon  brushes 488 

348.  Methods  of  attaching  flexible  connectors  to  carbon  brushes 490 

349-352.   Types  of  spring  pressure  brush  holders 492 

353.  Morgan  Crucible  Company's  spring  brush  holder  for  high  speeds  ....  494 

354.  Section  of  the  Morgan  Crucible  Company's  pneumatic  brush  holder     .    .  494 

355.  Morgan  Crucible  Company's  pneumatic  brush  holder 496 


"HIGH  SPEED   DYNAMO   ELECTRIC  MACHINERY." 

LIST  OF  SPECIFICATIONS  OF  DESIGNS  GIVEN  IN  THIS  TREATISE. 

Part  II.    ALTERNATma  Current  Generators. 


Kva. 

Phase. 

Pole*. 

R.P.M. 

Cycles. 

Volte. 

Chapter. 

Page. 

1375 

3 

64 

94 

50 

5500 

VI 

95 

1500 

3 

6 

1000 

50 

11000 

VI 

95 

650 

3 

4 

1500 

50 

500 

VII 

127 

400 

3 

64 

94 

50 

3000 

VIII 

133 

400 

3 

4 

1500 

50 

3000 

VIII 

133 

500 

3 

2 

3000 

50 

550 

VIII 

133 

500 

3 

2 

3000 

50 

550 

VIII 

133 

3000 

3 

4 

750 

25 

11000 

IX 

168 

3000 

3 

6 

500 

25 

11000 

IX 

168 

3000 

3 

8 

375 

25 

11000 

IX 

168 

3000 

3 

12 

250 

25 

11000 

IX 

168 

3000 

3 

24 

125 

25 

11000 

IX 

168 

3000 

3 

36 

83 

25 

11000 

IX 

168 

3000 

3 

4 

1500 

50 

11000 

IX 

184 

3000 

3 

6 

1000 

50 

11000 

IX 

184 

3000 

3 

8 

750 

50 

11000 

IX 

184 

6000 

3 

4 

750 

25 

11000 

X 

201 

6000 

3 

6 

750 

37.5 

11000 

X 

201 

6000 

3 

8 

750 

50 

11000 

X 

201 

1500 

3 

8 

750 

50 

11000 

X 

211 

1000 

3 

4 

1500 

50 

2000 

XI 

276 

250 

3 

2 

3000 

50 

XI 

277 

1000 

1 

4 

1560 

50 

5200 

XI 

278 

1500 

3 

6 

1000 

50 

11000 

XI 

284 

500 

3 

4 

1500 

50 

550 

XI 

298 

Part  III.    Continuous  Current  Generators. 


Kw. 

Poles. 

R.P.M. 

Volte. 

Chapter. 

Page. 

10 
8 

125 
250 

250 

6 
6 
4 

2 

14 
10 

500 
1000 
2000 
3000 

125 
250 

250 

XV 

368 

500 

8 
6 

4 
4 

500 
1000 
2000 
2500 

500 

XV 

368 

1000 

16 
12 
8 
6 
4 

125 

250 

500 

1000 

2000 

1000 

XV 

368 

1000 
1000 

6 

1000 
1500 

1000 
550 

XVII 
XVII 

398 
405 

750 
750 
375 

4 
6 
4 

1600 
1500 
2500 

500 
250 
240 

XVIII 
XVIII 
XVIII 

441 
445 
448 

HIGH  SPEED  DYNAMO  ELECTRIC 
MACHINERY. 


PART  I  — GENERAL   CONSIDERATIONS. 


CHAPTER  I. 

INTRODUCTORY. 

In  the  early  days  of  the  development  of  dynamo  electric  machinery, 
when  designs  of  only  yery  small  output  came  into  consideration,  it 
was  found  that  with  increase  in  the  rated  speed,  the  "weight  eflS- 
ciency"  and  the  "cost  efficiency"  of  dynamo  electric  generators  con- 
tinued to  increase  up  to  the  limit  to  which  it  was  found  practicable 
to  increase  the  speed  with  due  consideration  to  the  design  of  the 
prime  mover.  In  order  to  obtain  these  advantages  of  high  speed  it 
was  very  customary  to  drive  the  electric  generator  by  belting  or  by 
ropes,  at  a  speed  considerably  higher  than  that  of  the  engine  from 
which  it  was  driven.  The  disadvantages  of  rope  or  belt  driving  led, 
notably  in  England,  to  the  development  of  the  so-called  "high  speed" 
engine  to  which  the  generator  was  directly  coupled.  As  development 
proceeded,  the  most  customary  rated  capacity  required  for  a  single 
generating  set,  rapidly  increased,  and  while  the  higher  speeds  con- 
tinued to  be  found  advantageous  for  alternating  current  generating 
sets,  even  when  of  large  rated  capacity,  it  gradually  became  apparent 
that  for  continuous  current  generating  sets  of  large  rated  capacity, 
such  disadvantages  relating  to  commutation  and  ventilation  attended 
the  design,  that  but  little  if  any  advantage  remained  from  the  use 
of  high  speeds.  It  has  finally  come  to  be  realized  by  those  best 
informed,  that  in  the  case  of  continuous  current  generators  for  the 
customary  voltages  of  from  500  to  650  volts,  there  is,  for  each  rated 
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capacity,  a  limiting  speed  beyond  which  the  design  becomes  not  only 
less  satisfactory,  but  also  more  expensive. 

The  impression  which  nevertheless  still  prevails  in  less  well  informed 
circles,  that  continuous  current  generators  are  especially  adapted 
to  high  speed  work,  and  that  the  development  of  low  sj)eed  engmes 
is  not  in  the  interests  of  the  best  dynamo  design,  but  is  a  concession 
to  the  advantages  of  low  speed  for  engines,  is  far  from  correct.  Low 
and  high  speed  steam  engines  have  their  respective  merits  and 
demerits:  the  same  is  true  of  low  and  high  speed  dynamo  electric 
machinery,  and  it  is  fomid  necessary  to  consider  each  case  very 
carefully.  It  may  be  said  in  general  that,  up  to  a  certain  limit,  a 
machine  for  a  given  capacity  and  voltage,  and  of  a  given  degree  of 
excellence,  will  be  cheaper  the  higher  the  speed;  but  for  speeds  above 
that  limit,  the  machine  will  be  more  expensive.  Hence  it  may  be 
said  that  for  each  rating  there  is  a  particular  speed  which  is  the 
most  economical  and  satisfactory  speed.  Analogous  considerations 
lead  the  steam  engineer  to  prefer  a  particular  speed  for  a  steam 
engine  of  a  given  rated  output.  Just  as  the  experience  of  each 
steam  engineer  with  the  type  of  engine  with  which  he  has  been 
chiefly  engaged  leads  him  to  an  individual  opinion  as  to  the  most 
favourable  speed  for  a  steam  engine  of  a  given  capacity,  so  one 
finds  considerable  difference  of  opinion  among  designers  of  electrical 
machinery  as  to  the  most  favourable  speeds  for  continuous  current 
djoiamos. 

At  this  point  it  is  desirable  to  consider  the  relation  of  the  angular 
speed  to  the  output,  in  prime  movers  of  the  types  which  are  in  general 
use  for  electric  power  generation  purposes.  The  curves  in  Fig.  1  give  a 
rough  idea  of  the  speeds  of  prime  movers  of  the  various  types  for  rated 
outputs  up  to  6000  kw.  In  these  rapidly  developing  lines  of  work, 
manufacturing  concerns  are  constantly  modif3dng  their  plans.  Hence 
while  the  turbine  curves  in  Fig.  1  reflect  the  general  state  of  affairs, 
it  would  be  imprudent  to  place  reliance  on  the  precise  values  to  which 
the  curves  are  plotted.  The  point  to  be  observed  from  these  curves  is 
the  large  range  of  speeds  lying  between  the  speeds  of  steam  turbines 
and  the  speeds  of  piston  engines. 

Speeds  within  this  range  are  consequently  not  available  for  direct 
coupled  electric  generators,  except  when  driven  from  hydraulic  tur- 
bines. Such  speeds  are  nevertheless  often  more  suitable  and  eco- 
nomical for  electric  generators,  as  we  shall  see  in  the  course  of  this  work. 
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Fig.  1. —  Curves  showing  relation  of  rated  speeds 
and  rated  outputs  for  steam  turbines  and  other 
prime  movers. 


Kg.  2  gives  a  corresponding  curve  for  the  de  Laval  turbine  which 
has  been  plotted  sepa- 
rately since  the  out- 
put for  which  this 
tjrpe  of  turbine  is  made 
does  not  usually  exceed 
200  kw.  This  limita- 
tion is  chiefly  due  to 
the  reduction  gear 
which  is  employed  to 
reduce  the  speed  in  the 
ratio  of  10 : 1 .  The  pri- 
mary turbine  spindle 
runs  at  speeds  of  from 
10,000  R.P.M.  to 
30,000  R.P.M;  the  sec- 
ondary shaft  to  which 
the  dynamos  are 
coupled  running  at  speeds  ranging  from  1000  to  3000  R.P.M.  It  is 
with  the  influence  of  the  rated  speed  on  the  design  and  character- 
istics of  electrical  ma- 
chinery that  we  are  here 
chiefly  concerned. 

It  would  probably  have 
been  more  correct  to  enti- 
tle this  treatise  "  The  in- 
fluence of  the  rated  speed 
and  output  on  the  design 
of  electric  machinery," 
for  it  is  impracticable  to 
advantageously  discuss 
the  influence  of  the  speed 
without  also  discussing 
the  influence  of  the  rated 
output. 

Two  broad  dividing 
lines  are  at  once  encoun- 
tered when  approaching  the  subject,  for  a  comparatively  superficial 
examination  reveals  the  three  following  facts : 
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Fig.  2. — Curve  showing  relation  of  rated  speeds  and 
rated  outputs  for  de  Laval  turbines. 
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1.  When  not  carried  to  excess,  the  lower  the  speed  in  revolutions 
per  minute,  the  more  satisfactory  will  be  the  results  which  may 
be  obtained  in  designing  continuous  current  dynamo  electric  ma- 
chinery. 

2.  When  not  carried  to  excess,  the  higher  the  speed  in  revolutions 
per  minute,  the  more  satisfactory  will  be  the  results  which  may  be 
obtained  in  designing  alternating  current  dynamo  electric  machinery. 

For  either  one  of  these  two  classes  of  dynamo  electric  machinery, 
a  machine  for  some  particular  rated  output  and  voltage  will  yield 
satisfactory  results  for  a  minimum  Total  Works  Cost  when  designed 
to  operate  at  some  particular  speed  in  revolutions  per  minute.  For 
higher  and  lower  speeds,  either  the  Total  Works  Cost  will  be  greater 
for  a  given  quality  of  performance,  or  the  performance  will  be  inferior 
for  a  given  Total  Works  Cost. 

3.  Far  a  given  rated  output,  this  preferable  speed  wiU  be 
much  lower  for  a  continuous  current  design  than  for  an  altera 
noting  current  design.  , 

There  are  exceptions  to  all  rules,  nevertheless  the  above  conclu- 
sions are  of  fairly  general  applicability.  The  working  out  of  the  large 
number  of  designs,  of  which  the  results  are  given  in  this  treatise, 
was  imdertaken  largely  with  the  object  of  attaining  to  greater  pre- 
cision in  our  knowledge  of  the  influence  exerted  on  the  design  by 
these  two  factors  of  speed  and  output. 

While  a  considerable  knowledge  on  the  part  of  the  reader  as  regards 
the  detailed  steps  employed  in  the  design  of  electric  machinery  has 
often  been  assumed,  the  preparation  of  this  treatise  has  afforded  a 
favourable  opportunity  of  setting  forth  a  number  of  modified  pro- 
cesses which  we  have  found  it  useful  to  employ  at  various  stages  of 
the  design.  These  processes  are  generally  of  an  empirical  natiu^,  but 
readers  conversant  with  the  principles  of  the  design  of  djmamo 
electric  machinery  may  be  glad  to  substitute  them  for  the  more 
elementary,  although  in  some  cases  more  complex,  processes  set  forth 
in  most  text-books  dealing  with  the  subject. 

In  view  of  the  broad  demarcation  to  which  we  have  alluded,  we  have 
devoted  separate  sections  to  the  treatment  of  alternating  current 
and  continuous  current  machinery;  but  we  have,  for  the  sake  of 
variety  and  also  of  departing  from  a  meaningless  tradition,  given 
first  place  to  the  treatment  of  alternating  current  machinery. 

Part  I,  entitled  "  General  Considerations,"  contains  Chapters  I  to 
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IV  which  deal  with  matters  common  to  both  classes  of  machinery. 
Chapter  IV  on  ''  Materials  "  might  profitably  be  again  read  after  a 
perusal  of  the  whole  work,  and  especially  of  Chapters  XI,  XII,  and 
XVIII  which  deal  with  the  constructional  problems.  The  question 
of  materials  is  closely  allied  to  the  special  types  of  construction 
employed  and  it  was  difficult  to  decide  whether  to  place  the  chapter 
near  the  beginning  or  at  the  end  of  the  book. 

Part  II,  entitled  ''Alternating  Current  Generators/'  comprises 
Chapters  V  to  XII  which  deal  with  alternating  current  machinery, 
and  Part  III,  entitled  *'  Continuous  Current  Generators,"  comprises 
Chapters  XIII  to  XIX  dealing  with  continuous  current  machinery. 


CHAPTER  n. 

DESIGN  COEFFICIENTS  FOR  DYNAMO  ELECTRIC  MACHINERY. 

Design  Coefficients  are  of  use  in  connection  with  the  design  of 
djmamo  electric  machinery  as  constituting  convenient  starting  points 
on  which  to  base  a  new  design,  or  for  purposes  of  comparisons  between 
several  designs.    Such  coefficients  may  embody  relations  between : 

A.  Dimensions  and  output  —  designated  "Output  Coefficients/' 

B.  Weight  and  dimensions  or  output  —  "Weight  Coefficients." 

C.  Cost  and  dimensions  or  output  —  "Cost  Coefficients." 

A. 

Output  Coefficients. 

The  following  output  coefficients  have  been  more  or  less  exten- 
sively used: 


(1) 

W 
D'igR 

W  =  rated  output  in  watts. 
D  =  armature  diameter  at 

(2) 

W 
Dig 

air  gap. 
ig  -  armature  gross  core 

(3) 

W 

length. 

Volume  of  active  belt 

R  -  rated  speed  in  R.P.M. 

(4)         Specific  Utilization  Coefficients.* 

Of  the  above,  (1)  is  the  most  convenient  and  is  the  most  exten- 
sively used.  We  shall  designate  this  coefficient  as  simply  the  "Out- 
put Coefficient"  and  shall  denote  it  by  the  letter  $. 

H^"'*'  ^  =  W^R 

D  and  ig  are  expressed  in  decimetres,  W  in  watts,  and  R  in  revolu- 
tions per  minute. 

*  The  specific  utilization  coefficientB  which  are  developed  in  this  Chapter  were 
originally  proposed  by  Dr.  S.  P.  Thompson.  See  Seventh  Edition  (1904)  of  Dsmamo 
Electric  Machinery,  (E.  &  F.N.  Spon.  London.)     Vol.  I.    p.  576. 
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In  the  case  of  alternating  current  machines  the  output  in  volt 
amperes  should  be  employed  for  W  instead  of  the  output  in  watts. 
This  is  equal  to  nVl  where  n  denotes  the  number  of  pliases,  V  the 
voltage  per  phase,  and  /  the  current  per  phase. 

We  may  obtain  an  insight  into  the  inter-relation  of  these  coeffi- 
cients and  a  comprehension  of  their  significance,  by  developing  cer- 
tain fundamental  relations  for  dynamo  electric  machines.  We  shall 
at  this  point  carry  out  such  a  development  for  alternating  current 
machines.  For  continuous  current  machines  the  relations  are  pre- 
dsely  similar. 

The  primary  fundamental  equation  for  alternating  current  ma- 
chines is 

y^kTMN 

where  V  =  the  voltage  per  phase, 

k  =  the  "  voltage  coefficient ''  the  values  of  which  are  given 
in  Chapter  VII,  page  110. 
T  =  the  niunber  of  turns  in  series  per  phase. 
N  =  the  frequency  in  cycles  per  second. 
M  =  the  magnetic  flux  entering  the  armature  per  pole  in  c.  g.  s, 
lines. 
If  we  also  write 

p  =  the  number  of  poles. 

/  =  the  full  load  current  per  phase. 

R  —  the  rated  speed  in  revolutions  per  minute; 

then  multiplsdng   both  sides  of  equation  (1)  by  the  current  /,  we 
have 

ri-'-MmZ p, 

We  have  also  the  fundamental  relation  between  the  speed,  fre- 
quency, and  niunber  of  poles, 

iV--2^ (3) 

2  X  60  ^  ' 
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^^^^^'       Vi       fcJ^/r  X  pR       kXpMxITxR  ... 

•       "2X60X10»"  120  X  10»  .     .     .     U 

This  equation  shows  that  the  output  per  phase  VI  depends  on  the 
three  terms  pM,  IT,  and  R:  pM  is  the  total  flux  crossing  the  air  gap 
from  all  poles  from  field  sjrstem  to  armature,  IT  is  the  ampere  turns 
per  phase,  which  is  equal  to  the  total  ampere  turns  on  the  armature 
for  all  phases  divided  by  the  number  of  phases,  and  R  is  the  speed  in 
revolutions  per  minute. 

Thus  for  a  given  machine  of  given  size  (i.e.,  dimensions)  the  output 
will  be  practically  proportional  to  the  speed.  Doubling  the  speed 
of  a  given  machine  doubles  the  frequency,  which  practically  doubles 
the  voltage,  and,  for  a  given  current  output,  the  output  in  kilo-volt- 
amperes  will  be  doubled.  Practical  considerations  which  are  set 
forth  later  in  his  treatise,  occasion  wide  deviations  from  direct  pro- 
portionality between  speed  and  output.  Conversely  a  machine  for  a 
given  rated  output  will  usually  be  smaller  (in  dimensions)  the  higher 
the  speed. 
We  may  further  develop  equation  (4)  as  follows:  Let  us  designate, 
^=  the  average  magnetic  flux  density  in  the  air  gap,  or  the 

"specific  magnetic  loading"  of  the  armature. 
a  =  the  ampere  conductors  per  centimetre  of  armature    peri- 
phery, or  the  "specific  electric  loading"  of  the  armature, 
n  =  the  number  of  phases. 
^  is  equal  to  the  Total  Flux  divided  by  the  total  au*  gap  surface. 

.'./?=»  -^TT-  «=  -T->  for  T,  the  polar  pitch,  is  equal  to  — 
TzUAg     T/gf  p 

a  is  equal  to  the  total  armature  ampere  conductors  divided  by  the 

armature  periphery  at  the  air  gap  =  ir—  • 

M  =  BxXg. 
Also  the  armature  ampere  turns  per  phase, 

2n 


Substituting  these  in  equation  (4)  we  obtain 

yj  _kX  pzXgp  X  TcDa  X  R 
120  X  10»  X  2n 
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Multiplying  by  n  we  obtain  the  total  output  of  the  machine  in  volt 
amperes, 

•""-^fif  •  ••••••  <« 

We  also  have  t  ==  —  and  substituting  this  in  equation  (5)  we 
P 
obtain 

=  0.041  X  IQr'kiyXgapn    ....      (6) 

h  varies  with  the  ratio  of  pole  arc  to  pole  pitch,  and  with  the  spread 
of  the  armature  winding  (see  page  110),  but  if  we  take  for  the  moment 
the  constant  value,  k  =  4.44,  we  have 

nVI  =  0.182  X  lir^iy^Ra^ (7) 

This  is  a  rational  formula  connecting  the  output,  speed,  and  the 
principal  dimensions,  or  the  cubical  volume  enclosed  by  the  armature 
surface  at  the  air  gap  which  is  proportional  to  D^^. 

Prom  equation  (7),  for  a  given  rating  and  speed,  it  is  seen  that 
the  dimensions  (D^^)  will  be  dependent  on  the  two  factors  a  and  p  — 
which  are  respectively  the  "density"  of  ampere  conductors  on  the 
periphery  of  the  armature,  and  the  density  of  the  flux  in  the  air 
gap,  — and  clearly  the  higher  the  value  of  either  or  both  of  these 
factors,  the  smaller  will  be  the  machine.  In  practice  the  values  for 
each  of  these  are  somewhat  of  the  same  order  for  all  normally 
designed  machines,  their  precise  values  depending  on  the  conditions 
to  be  fulfilled  by  the  particular  case  under  consideration. 

The  values  are  limited  by  consideration  of  the  permissible  heating 
(the  dimensions  and  surface  of  the  machines  must  be  sufficiently 
large  to  radiate  the  heat  due  to  losses,  without  undue  temperature 
rise),  and  by  pressure  regulation  in  the  case  of  alternators  and  by 
commutation  in  the  case  of  continuous  current  machinery. 

If  we  transpose  equation  (7)  we  may  obtain 

nVI 

0.182  X  a^  X  10-*. 


D'XgR 


The  expression  on  the  left  hand  side  is  the  output  coefficient  f 
as  defined  at  the  beginning  of  this  chapter  on  pages  6  and  7. 
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Hence  the  value  of  ^  is 

f  =  0.182  Xap  X  l(r». 

In  commencing  the  carrying  out  of  a  design,  it  is  convenient  to 
assign  an  appropriate  value  to  f  and  to  derive  from  this  the  value  of 
L^Xg  and  thence  the  chief  dimensions. 

We  shall  in  later  chapters  give  considerable  attention  to  the 
coefficients  a  and  ^  in  connection  with  the  various  designs  studied. 
For  the  present  purpose  we  shall  analyse  the  value  of  the  output 
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Fig.  3.  —  Output  coefficients  of  low  and  moderately  low  speed  altematon. 

coefficient  f,  and  the  general  influence  on  this  value,  exerted  by  the 
various  factors  in  the  design  such  as  speed  and  frequency. 

The  curves  which  follow  may  be  taken  as  giving  rough  but  fairly  rep- 
resentative average  values  for  $  in  normal  designs,  and  also  as  indica- 
ting in  what  cases,  and  to  what  extent,  higher  values  may  be  obtained. 

OUTPUT   COEFFICIENT    OF   ALTERNATORS. 

The  curves  in  Fig.  3  show  the  relation  between  the  average 
output  coefficient  and  the  rated  output  of  polyphase  alternators. 
The  data  from  which  these  curves  are  drawn  is  chiefly  for  low  speed 
machines  and  the  curves  should  be  taken  as  roughly  representative 
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for  low  and  moderately  low  speed  alternators.    The  question  of  the 
influence  of  high  speeds  is  considered  farther  on. 

Fig.  4  shows  the  relation  between  the  average  output  coeflS- 
cient  and  the  air  gap  diameter  for  low  speed  and  moderately  low 
speed  alternators.  It  is  not  difficult  to  obtain  good  designs  with 
output  coefficients  higher  than  the  values  indicated  by  the  curves 
in  Figs.  3  and  4,  but  as  these  curves  represent  the  bulk  of  the 
designs  from  which  the  analysis  has  been  made,  they  will  be  con- 
sidered as  representative  values,  and  the  further  studies  in  this 
chapter  will  have  reference  to  them. 
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It  does  not  invariably  follow  that  a  higher  output  coefficient  corre- 
sponds to  a  lower  Total  Works  Cost,  although  generally  speaking  the 
higher  the  value  of  $  the  lighter  and  cheaper  the  machine. 

The  curves  of  Figs.  3  and  4  should  be  taken  as  mean  curves  for 
machines  within  the  average  range  of  frequency,  and  as  roughly 
indicating  the  influence  of  the  latter  on  the  value  of  the  output  coeffi- 
cient. Fig.  3  gives  two  curves  for  25  and  50  cycle  alternators  respect- 
ively, showing  the  output  coefficient  plotted  against  the  rated  output. 
It  will  be  noted  that  somewhat  higher  output  coefficients  are  obtain- 
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able  with  lower  frequencies.  Fig.  4  shows  corresponding  cui-ves  in  which 
f  is  plotted  against  the  air  gap  diameter  for  25  and  50  cycle  machines. 
Regarding  the  influence  of  the  speed,  although  the  weight  of  the 
machine  is  considerably  reduced  by  the  employment  of  high  speeds 
(the  weight  being  an  inverse  function  of  the  speed  for  a  given  rated 
output),  it  is  nevertheless  not  the  case  that  high  speeds  permit  of  higher 
output  coefficients.  On  the  contrary,  the  output  coefficients  obtained 
with  steam  turbine  alternators  are  considerably  lower  than  for  slow 
speed  machines.    This  statement  is  borne  out  by  inspection  of  any 
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turbo-alternator  designs.  It  is  due  to  the  fact  that  the  design  of 
alternators  for  high  speeds  is  a  difficult  problem,  and  larger 
dimensions  than  would  otherwise  be  required  are  called  for,  chiefly 
on  account  of  the  question  of  heating.  We  have  in  Chapters  VI,  VIII, 
IX,  and  X  studied  more  specifically  the  reasons  for  these  results. 

In  Fig.  5  the  upper  curve  applies  to  low  speed  machines,  say  below 
300  R.P.M.  The  lower  curve  gives  a  rough  idea  of  the  average  out- 
put coefficients  for  high  speed  machines  above  300  R.P.M.,  and  up 
to  a  maximum  of  1500  R.P.M. 

The  low  output  coefficients  for  the  high  speed  machines  are  apparent 
from  these  curves.   In  smaller  ratings,  the  curves  more  nearly  approach 
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one  another,  as  the  high  speeds  are  more  favourable  to  small  machines 
than  to  machines  of  large  rating. 

In  Fig.  6  the  output  coeflScient  is  shown  as  a  function  of  the  air 
gap  diameter  for  high  and  low  speeds.  The  high  speed  curve,  it  will 
be  seen,  is  above  the  low  speed  and  it  may  be  thought  at  first  sight 
that  this  is  contradictory  to  the  curves  in  Fig.  5.  This  is  not  the 
case;  the  fact  is  that,  for  a  given  diameter,  the  high  speed  machine 
has  a  higher  output  coeflScient  than  the  low  speed.  This  is  because 
for  any  given  diameter  a  high  speed  machine  would  have  a  rated  out- 
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put  much  greater  than  that  of  the  corresponding  low  speed  machine. 
Thus,  for  example,  let  us  consider  a  3000  kva.  machine  designed 
first  for  a  speed  of  100  R.P.M.  and  secondly  for  1000  R.P.M.  At 
100  R.P.Mi  the  output  coeflScient  according  to  the  upper  curve  of 
Rg.  5  would  be  about  1.95;  and  at  1000  R.P.M.,  from  the  lower 
curve  of  Fig.  5  the  output  coefficient  would  be  1.55. 
In  such  a  pair  of  machines  the  air  gap  diameter  would  be  about 

600  centimetres  for  the  100  R.P.M.,  and 
150  centimetres  for  the  1000  R.P.M. 

(see  curves  in  Pig.  70,  Chapter  VII). 
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Now  from  the  curves  of  Fig.  6   the  output   coefficients   corre- 
aponding  to  these  diameters  are  respectively 

2.0  for  the  low'  speed  machine  of  600  centimetres  diameter  and 
1.6  for  the  high  speed  machine  of  150  centimetres  diameter. 

These  figures  are  in  good  agreement  with  those  obtained  from  the 
high  and  low  speed  curves  of  Fig.  5. 


OUTPUT  COEFFICIENT  OF  CONTINUOUS  CURRENT  MACHINES. 

If,  for  continuous  current  machines,  we  carry  out  a  similar  inves* 
tigation,  we  arrive  at  the  following  expression  for  the  output  coeffi- 
cient: 

e  =  0.160  X  ia-»a^. 
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The  numeral  is  in  this  case  0.160  against  0.182  for  alternators.  This 
is  owing  to  the  fact  that  the  voltage  coefficient  k  is  4.00  for  continuous 
current  machines  while  it  was  taken  as  4.44  for  alternators.  It  must 
not  be  taken  from  this  that  the  values  of  ^  obtainable  with  contin- 
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uous  current  machines  are  lower  than  those  for  alternating  current 
machines.  On  the  contrary,  the  very  reverse  is  generally  the  case  as 
will  be  seen  from  the  curves  which  wiU  be  given. 

That  higher  output  coefficients  may  be  obtained  with  continuous 
current  macliines,  signifies  that  the  values  of  either  a  or  ^,  or  both, 
are  higher  than  in  alternators.  The  difference  is  accounted  for  by 
the  stringent  restrictions,  chiefly  as  regards  pressure  regulation,  en- 
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Fig.  8. —  Output  coefficients  of  continuous  current  machines. 


880 


countered  in  the  case  of  alternators.  Figs.  7  and  8  give  curves  for 
the  average  values  of  the  output  coefficient  for  continuous  current 
machines  plotted  as  a  fimction  of  the  rated  output  and  diameter 
respectively. 

In  continuous  current  machines,  it  again  appears  that  designs 
for  higher  rated  speeds  do  not  permit  of  such  high  values  for  $  as 
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lower  speed  designs.  This  is  established  by  the  studies  in  Chapters 
XV  and  XVI,  and  the  quantitative  relations  obtained  from  these 
results  are  shown  in  the  curves  in  Fig.  9.  These  curves  show  $ 
as  a  function  of  the  rated  output  for  rated  speeds  ranging  from  125 
to  2000  R.P.M. 

The  values  indicated  by  these  curves  correspond  to  normal  designs. 
Here  again  it  does  not  follow  that  in  all  cases  a  high  output  coefficient 
corresponds  to  the  most  suitable  or  to  the  cheapest  designs. 
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Fig.  9.  —  Output  coefficient  curves  for  500  volts  continuous  current  machines  at 
different  speeds  and  outputs. 


It  is  desirable  to  point  out  in  connection  with  the  output  coefficient 
that,  while  of  great  utility,  it  cannot  be  regarded  as  more  than  a  nu- 
cleus from  which  to  evolve  a  design.  Employed  with  a  clear  imder- 
standing  of  this  limitation,  and  with  the  reservation  that  its  value 
must  be  adjusted  according  to  the  requirements  of  each  individual 
design,  the  conception  is  of  great  utility  to  the  designer. 

In  order  to  facilitate  the  intelligent  use  of  the  output  coefficient, 
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we  have  set  forth  the  data  and  curves  of  this  chapter.  While  the 
values  and  relations  given  in  the  curves  are  fairly  representative 
and  show  the  average  magnitude  of  the  influence  of  the  various 
factors  involved,  they  should  not  be  rigidly  adhered  to  in  cases 
where  the  individual  design  shapes  out  best  by  departing  from  these 
values. 

Methods  of  designing  alternating  and  continuous  current  machines, 
using  the  output  coefficient  f  as  a  basis,  are  set  forth  in  Chapters  VII 
and  XIV  respectively. 

We  have  seen  how  the  specific  electric  and  magnetic  loadings,  a 
and  P,  are  related  to  the  output  coefficient  f ,  viz.  that  f  is  propor- 
tional to  the  product  a/?.  The  study  of  the  value  of  $  may  be 
thus  regarded  as  a  study  of  the  product  afi,  although  the  influence 
of  the  speed  and  output  on  each  of  these  factors  individually  has  not 
as  yet  been  ascertained,  but  will,  for  alternators,  be  dealt  with  in 
Chapters  VIII,  IX,  and  X. 

In  choosing  a  value  for  c  as  a  starting  point  for  a  design,  the  designer 
is  really  fixing  a  value  for  the  product  a/9  without  assigning  individual 
values  to  them.  This  determines  the  value  of  D^Xg,  and  the  design 
may  then  be  proceeded  with  in  the  manner  outlined  in  Chapters  VII 
and  XIV. 

In  working  out  the  further  stages  of  the  design  the  values  of  a  and 
/9  will  require  to  be  determined,  but  it  is  often  possible  and  desimble 
to  vary  considerably  the  values  of  a  and  /?  relatively  to  one  another, 
without  changing  the  originally  chosen  value  of  f .  For  instance,  an 
alternator  which  requires  especially  close  voltage  regulation  will  gen- 
erally have  a  low  value  for  a  but  in  many  cases  it  may  have  the 
same  value  of  $  as  a  more  normal  machine. 

We  have  now  considered  the  coeflScients  (1)  and  (4)  mentioned 

W 
on  page  6.    The  second  coefficient   mentioned  there  is  ^t~  ,  which 

has  been  known  as  the  Steinmetz  coeflScient.    This  coeflScient  which 
we  mil  denote  by  ^  is  closely  related  to  the  output  coeflicient  $. 
We  have 

^      D'XgR      DXg      DR      DR' 

Also  the  peripheral  speed,  S,  in  centimeters  per  minute,  is  equal  to 
nDR. 
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Thus 


and  substituting  this  in  the  above  equation,  we  have 
and  the  relation  between  the  two  coefficients  is  established. 
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Fig.  10. —  Weight  factors  of  alternators. 

B. 

Weight  Coefficients. 

Alternators.  —  The  total  net  weight  of  an  alternating  current  gen- 
erator may  be  roughly  estimated  either  from  the  total  weight  of  the 
effective  material  or  from  the  air  gap  dimensions  D  and  Xg.  The 
latter  method  may  be  based  on  a  term  proportional  to  the  surface, 
as  DXg,  or  to  the  volume  as  D^Jig. 

The  weight  of  the  effective  material,  by  which  is  meant  the  field 
iron  (poles  and  yoke)  and  copper,  and  the  armature  iron  (lamina- 
tions) and  copper,  constitutes  a  fairly  definite  proportion  of  the 
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total  weight  of  the  machme,  if  there  is  not  an  abnormal  amount  of 
material  put  into  the  frame  and  spider. 
We  shall  designate  as  the  "weight  factor*'  the  ratio  of  the  total 
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net  weight  (excluding  bed  plate  and  pedestals)  to  the  weight  of  the 
eflfective  material. 

A  curve  showing  rough  but  representative  values  for  the  weight 
factor  for  normal  alternators  in  terms  of  the  armature  air  gap  diameter 
is  given  in  Fig.  10.  On  the  curve  are  marked  the  points  correspond- 
ing to  seven  machines  obtained  from  actual  figures  for  the  total 
weight. 

The  niachines  of  small  diameter  have  a  lower  factor  than  those 
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with  large  gap  diameters.  This  is  due  to  the  larger  amount  of 
electromagnetically  non-effective  material  in  machines  of  large 
diameter,  as  in  the  arms  of  the  magnet  wheel,  and  in  the  stator 
frame. 

Small  diameters  are  associated  with  high  speed  machines^  and  thus 
the  latter  have  generally  a  smaller  weight  factor  and  a  smaller 
amount  of  non-effective  material.  The  data  relating  to  the  points 
marked  on  the  curve  in  Fig.  10  is  given  at  the  bottom  of  Table  1. 
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Fig.  12. —  Weight  coefficient —  total  weight  -j-  D'Xg  for  high  speed  alteraatora. 


The  upper  part  of  this  table  relates  to  the  alternator  designs  for 
which  specifications  are  given  in  Part  II. 

The  total  weights  of  effective  material  in  column  9  are  obtained 
from  the  detailed  designs  in  Chapters  VII  to  X. 

The  total  net  weights  are  then  obtained  from  this  by  multiplying 
by  appriopriate  values  of  the  weight  factor  taken  from  the  curve  in 
Fig.  10  and  entered  in  colunm  10. 
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In  columns  14  and  15  are  calculated  the  weight  coefficients  for  the 
total  weights  per  unit  of  D^Jig  and  of  DXg,  and  in  columns  12  and  13 
the  weights  of  effective  material  per  unit  of  D^Xg  and  Dig.  The 
latter  coefficients  do  not  vary  over  so  wide  a  range  as  do  the  total 
weight  coefficients,  as  in  the  latter,  the  additional  variable,  the  weight 
factor,  is  introduced. 

In  Fig.  11  is  plotted  the  weight  coefficient,  (total  weight  h-  D^ff), 
as  a  function  of  Dig^  the  different  styles  of  points  making  a  (fis- 
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Fia.  13. —  Weight  coefficient —  Total  weight  h-  D^Xg  for  slow  speed  altematora. 


tinction  between  the  various  designs.  The  [)oints  for  the  machines 
in  the  lower  part  of  Table  I  are  marked  thus  jT].  This  curve  may 
be  taken  as  suitable  for  both  high  and  low  speed  machines,  since  the 
value  of  DXg  is  practically  a  constant  for  any  given  rated  output 
and  practically  independent  of  the  speed  even  in  the  largest  ratings. 
The  value  of  D^Xg,  however,  varies  widely  with  the  rated  speed,  for 
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a  given  rated  output,  as  will  be  seen  from  the  relation  embodied  in 
the  output  coefficient 

.       w 

since  f  does  not  vary  widely  for  a  given  rated  output. 

Hence  in  high  speed  machines,  we  are  confined  to  a  compara- 
tively small  range  of  values  for  IPXg,  the  maximum  value  being 
about  6  cubic  metres.    The  range  for  slow  speed  machines  extends 
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to  as  high  as  40  cubic  metres  and  hence  we  must  take  each  class 
separately. 

Fig.  12  shows  the  weight  coefficients,  (total  weight  -&-  D^kg)  plotted 
against  iJ^ig  for  the  high  speed  machines  of  Table  I. 

Fig.  13  gives  a  similar  curve  for  slow  speed  machines  obtained 
from  an  analysis  of  a  large  number  of  machines;  by  way  of  example 
the  points  corresponding  to  the  machines  in  the  lower  half  of  Table  I 
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have  been  entered.  Prom  the  curves  in  Figs.  11,  12,  and  13  we 
have  derived,  in  Figs.  14,  15,  and  16,  curves  showing  the  total  net 
weight  in  terms  of  D\g  and  D^'^. 

Continiums  Current  Machines.  —  For  continuous  current  machines, 
a  greater  proportion  of  the  total  weight  of  material  is  effective,  as 
there  is  no  non-effective  material  corresponding  to  the  armature 
frame  in  alternators,  the  magnet  yoke  of  continuous  current  machines 
being  self-supporting. 
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Hence  the  values  of  the  weight  factor,  as  defined  above,  are  less 
in  the  case  of  continuous  current  machines  than  for  alternators. 
The  average  values  of  the  weight  factor  for  continuous  current 
machines  usually  range  from  1.3  to  1.5,  the  higher  values  applying 
again  to  machines  of  large  diameter. 

In  this  case  the  effective  material  includes  the  weight  of  the  com- 
mutator segments. 

Fig.  17  shows  the  relation  between  the  total  weight  of  continuous 
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current  machines  and  the  value  of  D^Xj.  The  curves  are  plotted 
from  an  analysis  of  a  large  number  of  machines.  Curves  are  given 
for  125,  500,  and  2000  R.P.M.,  which  roughly  indicate  the  influence 
of  the  speed  oh  the  relation  of  total  weight  to  D^Xgf. 

C. 

Cost  Coefficients. 

The  Total  Works  Cost  of  a  machine  may  be  roughly  determined 
from  the  dimensions  or  weight,  without  recourse  to  detailed  estimates 
of  material  and  labour  charges. 
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A  method  of  estimating  the  Total  Works  Cost  of  continuous 
current  machines  from  the  air  gap  dimensions  is  given  in  Chapter 
XV.    In  this  method  the  Total  Works  Cost  is  equal  to 

kDL  or  kD{\g  +  0.7  t), 

where  L  is  the  length  of  the  armature  over  the  windings  (which  may 
be  taken  as  approximately  equal  U)  Xg  +  0.7  t),  and  k  is  the  cost 
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coefficient,  the  value  of  which  varies,  although  not  widely,  with  the 
rated  output  and  the  peripheral  speed. 

A  useful  rough  method  consists  in  working  from  the  cost  per  ton 
of  total  weight  of  machine.    The  value  of  this  figure  for  both  alter- 
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nating  and  continuous  current  machines  of  other  than  small  rated 
outputs,  averages  from  $150  to  $200  per  metric  ton  of  total  weight. 
The  cost  per  ton  is  lower  the  greater  the  total  weight. 


CHAPTER  III. 

CRITERIA  FOR  HEATING  AND  FOR  TEMPERATURE  RISE. 

The  ultimate  temperature  rise  in  a  dynamo  electric  machine  is  pro- 
portional to  the  losses  in  the  machine,  and  inversely  to  the  radiating 
surfaces  of  the  various  parts  of  the  machine  in  which  the  losses  occur; 
i.e.,  the  ultimate  temperature  rise  is  proportional  to  the  watts  lost 
per  unit  of  radiating  surface. 

For  the  purposes  of  the  present  treatise,  and  in  connection  with  the 
various  designs  worked  out  herein,  we  shall  estimate  the  tempera- 
ture rise  on  the  basis  of  the  watts  dissipated  per  square  decimetre  of 
radiating  surface. 

Armature  Losses  and  Temperature  Rise  of  Armature. — ^The 
various  losses  throughout  an  armature  are  capable  of  being  esti- 
mated to  a  fair  degree  of  accuracy,  but  the  true  radiating  surface 
of  an  armature,  more  especially  in  view  of  the  fact  that  the  losses 
occur  in  both  the  copper  and  the  iron,  is  rather  an  indefinite  quan- 
tity. 

The  iron  surfaces  at  the  sides  of  the  ventilating  ducts  and  the 
winding  surfaces  at  the  ends  of  the  armature  coils  are  all  exposed  to 
the  cooling  air,  but  they  contribute  to  the  radiation  of  the  heat  to 
widely  different  extents. 

In  the  case  of  armatures  of  great  core  length  the  core  ducts  may 
receive  air  at  a  higher  temperature  than  that  at  which  it  passes  the 
windings,  and  it  is  possible  for  the  ducts  near  the  centre  of  the  core 
to  contribute  very  little  to  the  heat  dissipation.  Furthermore,  the 
velocity  of  the  cooling  air  may  vary  considerably  in  different  parts 
of  the  machine. 

The  desirability  of  estimating  the  heating,  on  the  basis  of  surfaces 
common  to  all  dynamo  machines,  will  be  readily  appreciated. 

We  give  here  four  methods,  A,  B,  C,  and  D,  which  may  be  con- 
veniently used  for  the  purpose  of  estimating  the  temperature  rise  of 
armatures. 
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METHOD  A. 

A  convenient  basis  for  reference  for  armatures  is  the  cylindrical 
surface  at  the  air  gap,  extended  to  include  the  end  connections  of 
the  windings.  This  surface  comprises  the  armature  core  surface 
and  the  external  surface  of  the  end  portions  of  the  windings.  Repre- 
senting by  D  the  armature  diameter  at  the  air  gap,  and  by  L  the 
length  over  the  ends  of  the  windings,  this  surface  is  equal  to 
nX  DX  L. 

The  overall  length  L  for  ordinary  continuous  current  barrel- 
wound  armatures  is  usually  approximately  equal  to  {Xg  -f  0.7t)  where 
Xg  denotes  the  armature  gross  core  length  and  t  denotes  the  pole 
pitch.  Of  this  length,  0.7t  is  the  part  occupied  by  the  end  windings, 
which,  according  to  this  formula,  project  a  distance  equal  to  0.35  of 
the  pole  pitch  at  each  end.  This  is  a  very  usual  value  in  practice. 
The  cylindrical  surface  over  the  winding  is  thus, 

;r  X  7)  X  (Agr  -f  0.7t). 

If  D,  Xg,  and  r  are,  for  the  purpose  of  these  thermal  calculations, 
taken  in  decimetres,  the  surface  is  in  square  decimetres,  and  this  is 
the  most  convenient  unit  for  expressing  radiating  surfaces.  If  the 
dimensions  are  taken  in  centimetres  the  surface  must  be  divided  by 
100  to  reduce  it  to  square  decimetres. 

Denoting  by  W  the  total  losses  in  watts  throughout  the  arma- 
ture (copper  and  iron),  then  the  value  of  the  watts  per  square  deci- 
metre of  radiating  surface  as  thus  defined,  is  equal  to 

W 

7cXDX{Xg  +  0.7  t)  ' 

and  for  a  given  armature,  running  at  a  given  speed,  the  temperature 
rise  is  roughly  proportional  to  the  value  of  this  expression. 

For  ventilated  revolving  armatures  of  ordinary  design,  the  thermo- 
metrically  determined  temperature  rise  lies  between  0.6  deg.  Cent, 
and  1.6  deg.  Cent,  per  watt  per  square  decimetre.  The  temperature 
rise  per  watt  per  square  decimetre  may  be  designated  the  "Specific 
Temperature  Rise,"  and  we  may  write, 

T  (in  deg.  Cent.)  ^  K  X  watts  per  square  decimetre. 

The  value  of  K,  the  **  Specific  Temperature  Rise,"  is  usually  from 
0.6  to*  1.6.    This  value  applies  to  ordinary  armatures  having  a  peri- 
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pheral  speed  of  some  10  to  25  metres  per  second  and  to  the  thermo- 
metrically  determined  temperature  rise. 

For  a  peripheral  speed  of  twice  this,  say  35  metres  per  second, 
the  value  of  K  will  be  from  0.5  to  1,  provided  there  is  an  eflScient  flow 
of  air  through  the  armature  core  and  windings. 

In  alternating  current  generators,  it  is  more  usual  to  have  the  arma- 
ture winding  on  an  external  stator.  This  circumstance  does  not 
materially  affect  the  value  of  K  so  long  as  the  ventilating  facilities 
are  ample  and  the  rotor  peripheral  speeds  are  of  the  stated  values. 

In  turbine  dynamos  the  peripheral  speed  generally  reaches  50  to 
80  metres  per  second,  and  may,  in  exceptional  cases,  be  as  high  as 
100  metres  per  second  in  large  alternators.  The  watts  per  square 
decimetre  for  such  machines  is  high  by  reason  of  the  small  dimensions 
required  at  high  speeds,  and  a  much  smaller  value  of  K  must  be 
attained  by  some  means  in  order  that  the  temperature  rise  shall  not 
be  abnormal.  It  is  thus  a  matter  of  the  greatest  importance  that 
the  armatures  of  turbo-dynamos  shall  be  provided  with  a  very 
liberal  number  of  ventilating  ducts  and  that  no  expedient  means  of 
improving  the  ventilation  shall  be  omitted. 

With  armatures  of  this  class  and  for  the  range  of  peripheral  speeds 
quoted  above,  i.e.,  50  to  100  metres  per  second,  the  specific  tem- 
perature rise  may  be  more  of  the  order  of  0.3  to  0.6  deg.  Cent,  per 
watt  per  square  decimetre. 

We  may  tabulate  the  following  values  for  K  in  the  formula  T 
(in  deg.  Cent.)  =  X  X  watts  per  square  decimetre. 

TABLE   2. 

Values  of  Specific  (Thermometricallt  determined)  Temperature  Rise  in 
Terms  of  Peripheral  Speed  of  Rotor. 


Average  Peripheral  Speed. 


Value  of  jr. 


10  to  25  metres  per  second 
35  metres  per  second  .  . 
70  metres  per  second     .   . 


0.6to  1.6 
O.Stol.O 
0.3  too. 6 


These  figures  must  be  used  judiciously  and  the  individual  circum- 
stances of  any  particular  case  must  be  given  careful  consideration. 
While  the  data  serves  to  give  a  good  general  idea,  especially  for  pur- 
poses of  comparison,  due  regard  must  be  paid  to  each  case,  especially 
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to  the  efifectiveness  of  the  ventilating  arrangements.  If  the  latter  be 
well  designed,  the  lower  values  of  the  specific  rise  may  be  taken.  In 
the  case  of  those  turbo-dynamos  in  which  the  air  is  forced  through  the 
machine  by  means  of  fans  and  cups  on  the  rotor,  as  is  now  frequently 
being  done,  the  lower  values  will  often  be  attainable,  but  of  course 
any  such  calculations  are  best  substantiated  by  test  results  on  the 
class  of  machine  being  dealt  with.  There  is  frequently  but  very 
restricted  space  available  for  providing  access  of  air  to  the  interior  of 
the  rotor  ifa  the  case  of  turbo-generators,  and  hence  in  spite  of  their 
high  peripheral  speeds  they  are  in  many  cases  at  a  grave  disadvantage 
as  compared  with  large  slow  speed  generators  where  the  active  mate- 
rial of  the  rotor  is  supported  at  the  rim  of  a  large,  open  spider. 

For  alternating  current  armatures,  where  the  winding  is  carried 
out  as  a  barrel  winding,  similar  to  a  continuous  current  winding,  the 
above  method  and  constants  will  hold  good.  The  peripheral  speed  will 
generally  be  that  of  the  rotor  within  the  stationary  armature. 

If  the  winding  of  an  alternator  is  carried  out  as  a  coil  winding, 
as  is  commonly  the  case  with  stationary  armatures,  the  "length  over 
the  windings  ''  is  indefinite,  and  consequently  the  cylindrical  surface 
at  the  air  gap  is  a  much  less  definite  conception.  Nevertheless  good 
results  may  be  obtained  even  in  these  cases,  by  method  A. 

Various  alternative  methods  are,  however,  available,  and  will  now 
be  briefly  considered. 

METHOD  B. 

One  of  these  methods  consists  in  using  simply  the  armature 
core  surface  at  the  air  gap,  and  the  watts  lost  below  that  surface. 
This  surface  is  simply  7:DXg,  and  the  watts  requiring  to  be  dissipated 
by  this  surface  consist  of  the  armature  iron  loss  (core  and  teeth)  plus 
the  losses  in  the  embedded  portions  of  the  conductors.  This  latter 
is  equal  to  the  total  copper  loss  minus  the  loss  in  the  end  windings. 

On  this  basis  the  specific  temperature  rise  generally  has  values 
about  two  thirds  as  great  as  the  values  given  in  Table  2  which  are 
intended  for  use  with  method  A,  in  which  the  heating  coeflicient  is 
calculated  on  the  surface  kD  (Xg  -f  0.7t). 

Calculations  by  method  B  relate  only  to  the  heating  of  the  arma- 
ture body,  the  radiating  surface  of  the  end  windings  not  being  taken 
into  account.  As  these  are,  however,  when  correctly  designed, 
usually  subject  to  better  cooling  facilities  than  the  body  of  the  arma- 
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ture,  it  may  often  be  assumed  that  their  temperature  rise  will  not 
exceed  that  of  the  armature  body,  and  calculation  on  the  latter  will 
suffice  in  such  cases. 

METHOD  C. 

Another   alternative    consists    in    employing    as    the    "equiva- 
lent" cylindrical  surface,  the  value  of  the  expression 

D  X  (^9  +  Kt) 

where  X  is  a  coefficient  depending  mainly  on  the  rated  voltage  and 
also  to  a  certain  extent  on  the  value  of  t,  the  polar  pitch.  In  Table  3 
are  given  fairly  representative  values  for  K. 


TABLE    3. 

Values  of  K  in  the  Expression  D  x  (}<g  +  Kt)  Repbesenting  the  Equiva- 
lent Cooling  Surface  of  tue  Armature   of  an  Alternating  Current 
'  Generator. 


Rated  Terminal  Voltage. 


1,000  or  less 

2,000  .  .  . 

4,000  .  .  , 

6,000  .  .  . 

8,000  .  . 

10,000  .  .  . 

12,000  .  . 

20,000  .  .  . 


Values  of  K.  when 

r  the  Pole  Pitch 

-  40  Cms. 

(or  Lras). 


Values  of  K.  when 

r  the  Pole  Pitch 

-60  0ms. 

(or  More). 


METHOD  D. 

Another  coefficient  which  may  be  used  for  estimating  the  armature 
heating,  is  the  watts  per  square  (iecimetre  of  total  boundmg  surface, 
which  (for  stator  armatures)  is  taken  as  consisting  of  the  internal 
(air  ga^p)  and  external  cylindrical  surfaces,  and  the  surface  of  the 
two  ends  of  the  armature  core. 

This  surface  is  equal  to 


»(D,+C)*,+-(Z),'-C), 
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where  Z),  and  D  are  the  armature  external  and  internal  diameters 
respectively,  and  hg  is  the  gross  core  length. 


Method  A.— 
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AbsdasM  denote  the  Peripheral  Speed  of  Rotor  In  Metere  per  Second. 


I^ote:-     In  the  above  Figs,  the  Output  of  the  Machines  la  represented  as  fbllows:- 
X-400kva    O-650kva..  •-aOOOkva.,    O-6000  kva..  A-lgOOkva. 


FiQS.  18-21. — The  armature  heating  coefGcient  for  the  alternating  current  gen- 
erators specified  in  Chapters  VII- X,  calculated  according  to  the  four  methods 
as  set  forth  in  Table  4. 

In  all  of  these  methods  we  may  denote  as  the  heating  coeflScient, 

T^^fttts  loss 

the  quotient  — zr—. ; — ,  i.  e.  the  energy  in  watts  requiring  to  be 

radiatmg  surface  -i     —^ 

dissipated  per  square  decimetre  of  radiating  surface.    Thus  the  (ther- 

mometrically  determined)  temperature  rise  is  equal  to  the  product  of 

the  **  Specific  Temperature  Rise  "  and  the  "  Heating  Coefficient." 
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In  the  diagrams  in  Figs.  18  to  21  we  have  for  a  number  of  the 
authors'  alternator  designs,  particulars  of  which  are  given  in  subse- 
quent chapters,  plotted  the  heating  coeflScients  as  a  function  of  the 
peripheral  speeds  of  the  rotor. 

TABLE   5. 

The  ARifATURE  Heating  Coefficients  for  Twenty-nine  Alternating  Current 
Generators  Based  on  Three  Different  Methods  of  Calculating  the 
Radiating  Surface. 
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In  this  table  the  heating  coefficients  (B)  are  based  on  the  approxixnate  total 
losses  in  the  annature,  no  deduction  being  made  for  the  losses  in  the  end  windings 
as  in  Table  4. 


AHMATURE  LOSSES  AND  TEMPERATURE  RISE.  86 

The  data  from  which  these  curves  have  been  plotted  are  set  forth  m 
Table  4. 

In  this  table  are  given  the  leading  particulars  of  these  machines, 
and  in  the  colimm  marked  w  are  given,  in  kilowatts,  the  total  elec- 
trical losses  in  the  armature.  Column  a  represents  the  radiating 
surface  calculated  from  the  expresssion  D  {Xg  -h  0.7t). 

The  corresponding  heating  coeflScient  is  marked and  the  re- 

a 

suits  are  plotted  in  Fig.  18,  also  marked  A.    Columns  b  and  c  in  Table 

4  similarly  represent  the  radiating  surfaces  nDXg,  and  ttD  (Xg  -{-  Kr) 

and  the  results  are  plotted  in  Figs.  19  and  20  respectively.    Colunm 

d  in  the-  same  table   refers  to  the  total  radiating  surface  of  the 

armature  core,  including  the  end  surfaces  as  well  as  the  internal  and 

external  cylindrical  surfaces.    The  results  are  plotted  in  Fig.  21. 

Published  data  of  other  designers'  machines  is  too  meagre  to  per- 
mit of  corresponding  analyses.  With  an  endeavour,  however,  to 
take  such  designs  into  consideration.  Table  5  has  been  prepared. 

In  this  table  are  calculated  the  rough  approximate  values  above 
referred  to,  for  three  of  the  heating  coefficients,  for  the  twenty-nine 
alternators  of  which  further  data  is  given  in  Table  16,  on  p.  98. 

In  these  designs  a  very  rough  approximation  to  the  total  arma- 
ture losses  was  obtained  from  the  assumptions  contained  in  Table  6. 

TABLE    6. 

Mean  Values  for  Armature  Losses  in  Alternators,  in  Per  Cent  of  Rated 

Output. 


Rated  Oatput  kw. 


Total  Armature 
Losses  in  Per  Cent 
of  Rated  Output. 


UptoSOOkw.  .  . 
500  to  1000  kw.  . 
1000  to  2000  kw.  . 
2000  to  4000  kw.  . 
4000  kw.  and  over 


5.0% 
4.5% 
4.0% 
3.5% 
3.0% 


While  weight  must  not  be  attached  to  any  individual  value  in 
Table  5,  the  matter  of  interest  is  the  order  of  magnitude  of  the  coeffi- 
cients. Neglecting  those  values  which  are  unduly  high  or  low,  the 
general  order  of  magnitude  of  the  figures  is  fairly  uniform,  when  taken 
in  conjunction  with  the  corresponding  outputs  and  peripheral  speeds. 
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In  slow  speed  designs,  where  the  losses  are  more  concentrated  in 
the  *' active  belt/'  i.e.,  at  the  air  gap  periphery  of  the  armature,  the 
watts  per  square  decimetre  of  that  surface  is  the  more  rational 
coeflScient  to  take  out.  But  in  high  speed  machmes,  where  owing 
to  the  small  number  of  poles,  the  armatures  are  of  great  radial  depth, 
the  bulk  of  the  losses  occur  in  the  armature  iron,  and  the  watts  per 
square  decimetre  of  the  total  external  armature  surface  becomes  a 
more  real  conception. 

Of  course  none  of  these  coefficients  are  true  thermal  constants, 
as  no  account  is  taken  in  any  of  them  of  the  exposed  surfaces  in  the 
ventilating  ducts.  A  method  which  takes  account  of  the  ventilat- 
ing ducts  is  suggested  later  in  this  chapter  on  page  38. 

In  certain  types  of  machines,  it  is  very  useful  to  calculate  still 
another  heating  coefficient;  that  is,  the  total  losses  in  both  rotor  and 
stator,  divided  by  the  air  gap  surface,  as  calculated  by  any  of  the 
foregoing  methods;  that  is,  we  can  divide  the  total  electrical  losses 
by  any  of  the  following  surfaces: 

(A)  TiDiXg  +  0.7r) 

(B)  TcDXg 

(C)  7cD{Xg  +  Kt). 

Machines  for  which  this  course  is  to  be  especially  recommended,  are 
those  in  which  both  stator  and  rotor  are  provided  with  distributed 
windings.  This  applies  at  once  to  induction  motors  and  to  turbo- 
alternators  having  a  smooth  cylindrical  rotating  field  construction 
with  distributed  field  windings. 

Continuous  Current  Machines.  —  From  the  collection  of  prelim- 
inary continuous  current  designs  which  the  authors  have  worked 
out  and  tabulated  in  Chapter  XV,  the  armature  heating  data  of 
Table  7  has  been  compiled.  The  curves  in  Figs.  22  and  23  correspond 
to  this  data. 

For  continuous  current  machines,  the  most  rational  heating  coef- 
ficients are  employed  in  Methods  A  and  B.  As  in  the  case  of  the 
alternators,  coefficient  A  is  obtained  by  dividing  the  total  arma- 
ture losses  by  the  cylindrical  air  gap  surface  taken  over  the  ends  of 
the  windings,  and  coefficient  B  represents  the  watts  lost  between  the 
armature  core  heads,  divided  by  the  cylindrical  air  gap  surface,  also 
taken  between  the  core  heads.    For  both  these  methods,  the  units 
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are,  as  before,  chosen  to  give  the  resulting  heating  coefficient  in 
watts  per  square  decimetre. 

With  regard  to  the  remaining  methods,  C  has  no  application  to 
continuous  current  machines,  as  present  practice  is  not  concerned 
with  the  high  voltages  obtaining  in  alternators.  It  is  sufficient  in 
all  cases,  to  take  K  equal  to  0.7.  Consequently  Method  C  becomes 
identical  with  Method  A- 

Method  D  is  generally  unsuitable  for  application  to  high  speed 
continuous  current  machines,  owing  to  the  fact  that  the  internal 
cylindrical  surface  of  the  laminations  very  seldom  contributes  appre- 
ciably to  the  radiating  surface  of  the  armature. 

The  laminations  are  often  mounted  directly  upon  the  shaft,  and 
longitudinal  tunnels  stamped  in  the  laminations  provide  a  path  for 
the  air  and  link  up  with  the  ducts  between  the  laminations. 

TABLE    7. 

The  Armature  Heating  Coefficientb  for  the  CoNnNuous  Current  Genera- 
tors Specified  in  Chapter  XV.  Calculated  According  to  the  Two 
Methods  A  and  B. 
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Influence  of  the  Rotor  Core  Ducts. — All  the  preceding  data  is 
necessarily  crude  in  that  no  direct  account  is  taken  of  the  propor- 
tions and  number  of  ventilating  ducts.  Obviously  there  should  enter 
into  the  formulae,  terms  related  to  the  rate  of  flow  of  air  through  these 
ducts,  and  to  the  extent  and  nature  of  the  surfaces  swept  by  this 
air.  One  of  the  authors'  assistants,  Mr.  E.  Goad,  has,  at  their  request, 
worked  out  the  following  method,  which  involves  a  quantity  which 
may  be  designated  the  "Ventilation  Coefficient"  of  the  machine. 
The  method  as  here  described  is  planned,  in  the  first  instance,  for 
the  stator  armatures. 

To  Determine  the  Ventilation  Coefficient  of  a  Machine. 
Let  n  =  the  number  of  ducts. 

a  =  the  width  of  each  duct  in  centimetres. 
H  =  the  number  of  slots. 
t  =»  minimmn  width  of  tooth  in  centimetres. 

The  area  for  the  passage  of  air  through  the  ducts  =  nwHt  square 
centimetres.  Since  the  volume  of  air  which  passes  through  the 
ducts  is  proportional  to  the  peripheral  speed,  the  volume  of  air  which 
passes  through  the  ducts  per  second  will  be  proportional  to: 

SXnXaXHxt, 

where  S  =  the  peripheral  speed  of  the  rotor  in  metres  per  second. 
Let  Dj    =  the  external  diameter  of  the  armature  in  centimetres. 
D  =  the  air  gap  diameter  in  centimetres. 
Then  the  area  of  one  side  of  one  armature  lamination 

=  7  (Dj*  —  D*)  square  centimetres. 
4 

Therefore  the  total  area  of  duct  surface  exposed  to  the  air  passing 
through  the  ducts  is  equal  to 

2  X  n  X  j(Z),'  -  Z)*)  -  ^^^^  (Z)j»  -  D»)  square  centimetres. 

Assuming  that  a  unit  volume  of  air  carries  away  with  it  a  definite 
quantity  of  heat,  whatever  its  velocity,  the  temperature  rise  will 
be  inversely  porportional  to  the  volume  of  air  passing  per  second 
through  the  ducts.  The  temperature  rise  is  also  inversely  propor- 
tional to  the  surface  exposed  to  the  air.  Therefore  if  we  multiply 
the  volume  of  air  per  second  by  the  exposed  surface  we  obtain  a 
coefficient  to  which  the  temperature  rise  is  inversely  proportional. 
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This  coefficient,  which  may  be  tenned  the  ventilation  coefficient, 
combines  the  two  chief  components  tending  to  promote  ventilation, 
and  is  numerically  equal  to 

tL^^  (D7  -  Z)»)  X  S  X  n  X  a  X  ff  X  ^ 
- 1  (D*  -D')xSXaXHxtXn\ 

As  an  example  of  the  method  of  calculating  and  using  the  venti- 
lation coefficient,  let  us  consider  the  case  of  a  970  kva.  alternator. 

The  following  are  the  chief  dimensions  (in  centimetres)  with  which 
we  are  concerned  in  the  present  investigation. 

Rated  output  —  kva 970 

Number  of  phases 3 

Number  of  poles 4 

Revolutions  per  minute 1500 

Periodicity  —  cycles  per  secrond 50 

Rated  voltage 450 

External  diameter  of  armature  laminations  (DO 128 

Diameter  of  armature  at  air  gap  (D) 75 

Gross  length  of  armature  core  (^gf)      74 

Number  of  ventilating  ducts  (n)      9 

Width  of  each  duct  (a)      1.0 

Net  length  of  armature  core  (X?i) 58 

Ratio  of  - 0.78 

Number  of  slots  {E) 60 

Dimensions  of  slots 2.3  dia.* 

Slot  pitch 3.93 

Width  of  tooth  (0 1.63 

Peripheral  speed  of  rotor  in  metres  per  second  (*S) 60 

Following  the  method  of  procedure  outlined  above,  the  smallest 
area  for  the  passage  of  air  through  the  ventilating  ducts  is  equal  to 
noHi  =  9  X  1  X  60  X  1.63  =  880  square  centimetres.  The  periph- 
eral  speed  (5)  is  equal  to  60  metres  per  second,  and  the  total  cooling 
surface  provided  by  the  ducts  is  equal  to 

t^  {D^  -  Z)»)  =  ?^  (128»  -  75')   =  152,000  square  centimetres. 

Hence  the  ventilating  coefficient  is  equal  to 

880  X  60  X  152,000  =  8  X  10*. 

*  The  armature  slots  of  this  machine  are  of  circular  section  and  semi-enolosed. 
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This  quantity  8  X  10"  is  proportional  to  the  amount  of  heat  that  is 
dissipated  by  the  passage  of  air  through  the  ventilating  ducts.  The 
annature  losses  in  this  machine  are  equal  to  29,600  watts,  and  the 
resulting  temperature  rise  was  ascertained  to  be  53  deg.  Cent,  on 
the  annature  iron,  50  deg.  Cent,  on  the  armature  winding,  and  43 
deg.  Cent,  on  the  magnet  winding.  All  these  are  thermometrically 
determined.  The  radiating  surface  of  the  armature  core,  calculated 
according  to  method  D,  is  equal  to  640  square  decimetres.  The 
heating  coefficient  is  equal  to  ^|f^-^  or  46  watts  per  square  deci- 
metre. This  is  equivalent  to  ||,  or  0.88  watts  per  square  decimetre 
per  deg.  Cent.  A  stationary  piece  of  iron  that  is  not  ventilated  will 
dissipate  only  about  0.15  watt  per  square  decimetre  per  deg.  Cent.; 
we  must  conclude  therefore  that  the  remainder  constituting  83  per 
cent  of  the  total  heat  is  dissipated  through  the  direct  agency  of  the 
drculating  air. 

In  this  machine  (^:J|  X  29,600)  or  5000  watts  would  be  dissipated 
by  the  action  of  radiation  alone,  and  the  fact  that  the  remaining 
24,600  watts  are  dissipated,  for  the  same  temperature  rise,  is  due  to 
the  efficacy  of  the  ventilation  scheme.  There  should  therefore  be 
some  direct  connection  between  the  amount  of  this  extra  heat  and 
the  ventilating  coefficient  8  X  10*. 

For  a  first  approximation,  it  may  be  said  that  a  ventilating  co- 
efficient of  one  million  would  correspond  to  a  dissipation  of  about 
^%Vf  ^r,  say,  3  watts.  A  large  number  of  actual  machines  should 
be  analysed  before  placing  much  reliance  on  this  figure. 

Field  Coils.  —  For  an  ordinary  field  coil,  when  stationary,  and  in 
the  presence  of  a  stationary  armature,  the  thermometrically  deter- 
mined specific  temperature  rise  is  from  4  to  5  deg.  Cent.*  per  watt 
per  square  decimetre  taken  on  the  basis  of  the  external  exposed 
cylindrical  surface  of  the  coil. 

If  the  coil  is  in  the  presence  of  a  rotating  armature,  this  figure  may, 

♦  Goldschmidt  (Jaum»  I.  E,  E,  vol.  34,  p.  660)  gives  15  deg.  Cent,  per  watt  per 
square  decimetre,  but  this  is  based  on  the  whole  surface  of  the  coil  (internal  and 
external)  for  medium  sized  semi-enclosed  machines,  and  the  rise  is  measured  by  re- 
sistanoe  increase,  which  is  often  some  50  to  70  per  cent  greater  than  that  observed 
by  the  thermometer.  Dr.  S.  P.  Thompson,  in  the  discussion  on  this  paper,  gave  a 
figure  of  3.5  deg.  Cent,  due  to  Esson,  4.2  deg.  Cent,  due  to  the  OerUkon  Co.,  and 
7.1  deg.  Gent,  due  to  Neu  and  Levine,  the  latter  being  by  resistance  measurement, 
and  all  being  reckoned  on  the  external  cylindrical  surface  of  the  coil.  See  also 
Rayner,  *'  Report  on  Temperature  Measurements  at  the  National  Physical  Labora- 
tory," Jaum,  /.  E.  £.,  vol.  34,  p.  613. 
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for  peripheral  speeds  above  17  metres  per  second,  be  reduced  to  the 
extent  of  some  25  per  cent  to  50  per  cent,  the  smaller  figures  applying 
to  cases  of  small  winding  depth  and  well  ventilated  coils  and  high 
speeds. 

The  general  magnitude  of  the  effect  of  the  peripheral  speed  of  the 
armature  on  the  temperature  rise  of  field  coils  is  very  clearly  brought 


Thermal  Test  of  Field  Spool  shown  in  Fig. >• 

Duration  of  Test  «8  hours 

Watts  dissipated  in  Spool  throughout  Test »  48 
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FiQ.  24. —  Temperature  tests  of  field  spools.      (Reproduced  by  permission 
from  the  Joum,  I.  E,  E.,  vol.  38,  p.  421). 


out  by  the  test  results  for  a  field  coil  of  a  certain  four  pole  contmuous 
current  machine.  These  results  are  plotted  in  Fig.  24.  The  coil 
was  wound  with  38  layers  of  No.  21  B.W.G. ;  connecting  leads  were 
brought  out  every  two  layers,  so  that  the  resistance  of  19  sections 
of  the  coil  could  be  independently  determined  by  means  of  their 
rise  in  resistance.    Two  separate  tests  were  made,  one  with  the 
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armature  stationary,  and  the  other  with  the  armature  revolving  at 
a  peripheral  speed  of  10  metres  per  second.  We  see  from  Fig.  24 
that  when  the  armature  was  at  rest,  the  layer  next  to  the  magnet 
core  and  the  outside  layer  had  practically  the  same  temperature, 
but  that  when  the  armature  was  running  at  a  peripheral  speed  of  10 
metres  per  second,  the  outer  layer  had  a  much  lower  temperature 
than  the  layer  next  the  magnet  core. 

In  both  tests,  however,  it  should  be  noted  that  the  temperature  at 
the  middle  of  the  winding  is  considerably  higher  than  the  tempera- 
ture of  either  the  internal  or  the  external  surfaces. 

WTien  the  armature  was  stationary  the  ratio  of  the  maximum 
temperature  rise  to  the  mean  temperature. rise  was  1.13,  and  when 
the  armature  was  rotating,  this  ratio  was  about  the  same  figure, 
being  actually  1.15. 

But  another  relation  that  is  very  striking,  is  that  of  the  maximum 
temperature  to  the  temperature  at  the  external  surface.  This  works 
out  at  1.4  and  1.95  respectively,  for  the  teste  when  the  armature  was 
stationary  and  revolving.  The  fact  that  the  internal  temperature 
of  a  coil  may  rise  to  a  value  twice  as  great  as  that  which  would  be 
indicated  by  a  thermometer  laid  on  the  external  surface,  ought  to 
impress  engineers  with  the  importance  of  determining  all  rises  of 
temperature  of  coils  by  means  of  the  alteration  in  resistance.  This 
is  the  more  important  in  view  of  the  importance  of  avoiding  liability 
to  deterioration  of  the  insulation  on  the  field  conductors. 

Some  teste  made  by  Dettmar  in  1900  on  the  effect  of  temperature 
on  the  cotton  coverings  of  copper  wires  showed  that,  in  the  course  of 
time,  a  temperature  of  less  than  100  deg.  Cent,  caused  decided  deterio- 
ration of  the  cotton  coverings.  The  more  recent  teste  of  the  National 
Physical  Laboratory  of  Great  Britain  ^  on  large  numbers  of  insulating 
materials,  showed  that  in  the  case  of  all  these  materials,  deterioration 
ultimately  set  in  at  a  temperature  of  not  over  125  deg.  Cent.,  and 
in  most  of  these  materials  the  temperature  at  which  deterioration 
occurred  was  considerably  below  125  deg.  Cent. 

These  curves  and  values  for  the  distribution  of  temperature  in  an 
ordinary  field  coil  emphasize  the  importance  of  ventilating  the  field 
spools  by  subdividing  them  into  two  or  more  parte  with  concentric 
air  channels  between  them.  Field  coils  for  modem  machinery 
should  be  constructed  in  this  manner,  which  ensures  a  more  uni- 
*  See  Joum.  L  E.  E.,  vol.  34,  p.  613. 
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form  distribution  of  temperature  throughout  the  depth  of  the  coil, 
and  also  a  considerably  lower  average  temperature  for  a  given  ex- 
penditure of  copper  or  a  smaller  weight  of  copper  for  a  given  mean 
temperature  rise. 

In  the  case  of  turbo-alternators,  the  field  windings  usually  form 
part  of  the  rotating  system  and  the  methods  of  winding  and  fixing 
the  coils  depart  considerably  from  the  ordinary  field  coil  construc- 
tion. Among  the  various  constructions  employed  for  turbo-alternator 
fields  (which  are  described  in  a  subsequent  chapter),  the  types  vary 
from  the  ordinary ,  compact  field  coil,  through  variations  and  develop- 
ments from  this,  to  a  thoroughly  distributed  field  winding  in  slots 
similar  to  those  on  an  armature,  which  is  employed  with  the  smooth 
cylindrical  type  of  rotating  field. 

It  is  necessary  to  consider  each  case  or  type  individually,  with  due 
regard  to  the  velocity  of  the  moving  windings,  the  distribution,  and 
conductivity  of  the  coil  and  of  the  material  in  contact  therewith,  and 
also  the  ventilating  provisions. 

For  an  ordinary  field  coil  rotating  at  a  mean  peripheral  speed  of 
about  40  metres  per  second,  the  specific  temperature  rise  at  the 
centre  of  the  body  of  the  coil,  may  be  from  15  to  30  deg.  Cent. 

In  turbo-alternators,  the  number  of  poles  is  generally  few,  being 
determined  by  the  frequency  and  speed,  from  2  to  8  being  practically 
the  limits.  With  such  fields  carried  out  with  the  definite  pole  con- 
struction, there  is  plenty  of  space  between  the  poles  and  free  access 
to  the  cooling  air.  When  the  field  winding  is  carried  out  in  slots  on  a 
cylindrical  core  it  may  be  treated  as  equivalent  to  a  wound  armature 
from  the  heating  standpoint  although  it  is  not  generally  so  well 
ventilated.  In  such  machines  it  is  instructive  to  calculate  the  heat- 
ing coefficient  mentioned  on  p.  36  of  this  chapter,  viz.  the  total 
stator  and  rotor  losses  per  square  decimetre  of  air  gap  surface. 


CHAPTER  IV. 

MATERIALS    FOR    CONSTRUCTION    OF    HIGH    SPEED    ELECTRIC 

MACHINES. 

Armature  Core  Plates.  Oore  Loss.  —  A  number  of  groups  of 
designs  of  alternating  and  continuous  current  dynamos  are  analysed 
in  later  chapters  of  this  treatise.  These  designs  show  conclusively 
that  one  of  the  most  striking  characteristics  of  high  speed  dynamo 
electric  machines  of  large  rated  outputs  is  the  very  large  percentage 
of  the  total  internal  loss  constituted  by  the  core  loss.  In  the  case  of 
turbo-alternators  the  core  loss  frequently  amounts  to  two  thirds  and 
more  of  the  total  loss,  and  in  many  cases  it  cannot  be  materially 
reduced.  In  slow  speed  alternators  of  the  same  rated  capacity,  on 
the  contrary,  the  core  loss  is  more  of  the  order  of  50  per  cent  or  less 
of  the  total  internal  loss. 

During  the  last  two  years  there  have  been  placed  on  the  market 
some  grades  of  sheet  iron  which,  in  practice,  permit  of  reducing  the 
core  loss  for  a  given  design  to  some  60  per  cent  to  70  per  cent  of 
the  amount  when  the  more  customary  grades  of  sheet  iron  are  em- 
ployed. Unfortunately  the  price  of  the  low  loss  material  is  at  present 
from  two  to  three  times  that  of  the  material  customarily  employed 
for  armature  cores.  In  view,  however,  of  the  reduction  of  loss,  and 
consequently  also  of  heating,  and  of  the  improved  efficiency  at  all 
loads,  the  low  loss  sheets  are  to  be  recommended  for  the  armatures 
of  high  speed  alternating  current  machinery  in  spite  of  the  high 
price. 

The  use  of  this  iron  may  often  also  assist  the  designer  of  high 
speed  contirmous  current  machinery,  for  the  question  of  heating  has 
to  be  handled  with  much  greater  care  in  the  design  of  high  speed 
than  in  the  design  of  low  speed  continuous  current  machines.  As 
to  the  cost  of  the  sheets,  this,  while  high,  will  not  so  greatly  affect 
the  total  cost  of  the  design  of  these  machines  as  might  at  first  be 
thought  would  be  the  case,  for  it  is  a  characteristic  of  high  speed 
continuous  current  dynamos  that  the  cost  of  the  electromagnetic 
material  is  generally  a  somewhat  less  percentage  of  the  Total  Works 
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Figs.  25-32.  —  Curves  showing  effect  of  grade  of  armature  laminations,  on  cost 
and  quality  of  continuous  current  generators  for  1000  kw.,  1000  volts,  and  various 
rated  speeds. 
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Cost  than  is  the  case  with  the  low  speed  machinery.  Thus  quite  a 
considerable  increase  in  the  outlay  for  core  plates  will  in  many  cases 
only  entail  a  fairly  small  percentage  increase  in  the  Total  Works  Cost. 
This  is  clear  from  the  curves  in  Figs.  25  and  26  relating  to  designs  for 
1000  kw.,  1000  volt  continuous  current  dynamos  for  various  speeds, 
and  in  which  respectively  the  customary  and  the  low-loss  grades  of 
core  plates  are  employed. 

We  see  from  the  curves  that  the  Total  Works  Cost  of  the  designs 
is  only  increased  by  some  5  per  cent  to  10  per  cent  by  the  substitution 
of  the  superior  grade  core  plates.  The  consequent  improvement  in 
the  quality  of  the  design  is  generally  somewhat  greater  the  higher 

the  rated  speed.  This  is  seen  from 
the  curves  in  Figs.  27  and  28,  in 
which  the  core  loss  is  plotted  as 
a  percentage  of  the  total  internal 
loss.  Thus  the  higher  the  rated 
speed  the  greater  is  the  desirability 
of  employing  the  low  loss  iron, 
although  in  the  case  of  continuous 
current  machines  the  gain  is  by 
no  means  great.  Figs.  29  and  30 
show  the  relative  heating  coeffi- 
cients for  the  armatures  in  the  two 
cases  and  Figs.  31  and  32  the  costs 
of  the  armature  laminations  and  of 
the  total  effective  material  as  a  per- 
Fig.  33  shows  the  ratio  between 
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Fig.  33.—  Ratio  of  Total  Works  Cost 
of  1000  kw.  continuous  current 
dynamos  with  special  and  ordinary 
grade  laminations. 


centage  of  the  Total  Works  Cost. 

the  Total  Works  Cost  in  the  two  cases. 

In  high  speed  alternators,  the  core  loss  assumes  much  greater  pro- 
portions than  in  continuous  current  macliines.  This  is  largely  due 
to  the  armature  being  external  to  the  rotor,  and  of  the  great  radial 
depth  of  the  laminations  as  a  consequence  of  which  the  weight  of 
laminations  for  given  air  gap  dimensions,  D  and  Xg,  is  much  greater 
than  in  the  case  of  an  internal  armature. 

Figs.  34-42  show  in  detail  the  manner  in  which  the  cost,  losses, 
and  heating  for  a  group  of  3000  kva.  25  cycle  alternators  at 
different  rated  speeds  are  affected  by  the  use  of  the  special  low 
loss  steel  laminations.  Further  details  of  these  machines  are  given 
in  Chapter  IX. 
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Figs.  34-41. — Curves  showing  effect  of  grade  of  armature  laminations  on  cost  and 
quality  of  3000  kva.  alternators  for  various  rated  speeds. 
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In  these  figures  the  various  quantities  are  plotted  against  the  rated 
speed  of  the  machine. 

Fig.  34  sho\vs  the  Total  Works  Cost  of  the  machine,  the  cost  of 
the  effective  material  and   the  cost   of  the   armature   laminations 

for  ordinary  grade  stampings.  In 
Fig.  35  are  shown  similar  curves  for 
the  same  machines  when  built  with 
the  low,  loss  sheet  steel  stampmgs. 
Figs.  36  and  37  give  the  iron  loss  as 
a  percentage  of  the  total  electrical 
losses.  Figs.  38  and  39  show  the 
armature  heating  coefficient.  In 
Figs.  40  and  41  are  plotted  the  costs 
of  the  eflfective  material,  and  of  the 
armature  laminations  as  a  percent- 
age of  the  Total  Works  Cost  of  the 
machme.  Fig.  42  shows  the  ratio  of 
the  estimated  Total  Works  Costs  of 
a  machine  with  Jow  loss  iron  to  the 
Total  Works  Cost  of  a  machine  built  with  stampings  of  ordinary 
grade  iron. 

All  the  above  curves  are  based  on  the  assumption  that  the  same 
weight  of  material  is  used  in  both  cases;  the  improvements  effected 
by  employment  of  special  low  loss  steel,  lying  in  the  direction  of  the 
quality  of  the  design  and  not  of  the  cost. 

In  general  it  may  be  seen  from  the  curves  that  in  the  case  of 
alternators,  the  higher  the  speed  the  greater  is  the  percentage  core 
loss,  and  the  greater  also  is  the  percentage  cost  of  the  armature 
laminations.  The  result  is  that  though  it  is  particularly  desirable 
to  use  the  low  loss  steel  at  the  high  speeds  yet,  at  the  same  time, 
the  extra  cost  involved  by  the  use  of  this  expensive  material  becomes 
considerably  greater. 

Thus  in  Fig.  42  the  ratio  of  the  Total  Works  Cost  for  the  two 
cases  rises  to  as  high  a  value  as  1.2,  at  the  highest  speed.  This  is 
due  to  the  large  proportion  of  the  total  weight  of  the  machine  which 
the  armature  laminations  constitute  in  the  case  of  alternators  for 
high  speeds  and  with  few  poles. 

A  similar  set  of  curves  are  shown  in  Figs.  43-51  deduced  for  the 
400  kva.  50  cycle  alternators  described  in  Chapter  VIII. 
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The  same  quantities  are  plotted  in  these  figures.  The  range  of 
speed  is  much  greater,  and  the  ratio  of  Total  Works  Costs  rises  to 
the  value  of  nearly  1.3,  that  is,  the  cost  of  the  machine  is  increased 
by  nearly  30  per  cent  by  the  employment  of  the  special  grade  iron  for 
the  armature  laminations.  This  high  figure  is  here  due  to  the  fact 
that  it  relates  to  a  2-pole  design  in  which  the  armature  iron  consti- 
tutes a  very  great  percentage  of  the  total  weight. 

It  is,  nevertheless,  especially  in  2-pole  designs  that  the  use  of  a 
low  loss  iron  is  most  important,  as  such  machines  are  at  best  of  but 
poor  quality  and  in  such  cases  the  improvement  in  quality  is  justi- 
fied even  at  the  expense  of  considerable  increase  in  the  Total  Works 
Cost. 

We  see  then  from  the  above  that  the  employment  of  special  grade 
steel  for  the  armature  laminations  of  alternators  is,  so  far  as  relates 
to  expense,  less  extravagant,  the  slower  the  speed,  but  that  it  is  more 
desirable,  or  even  indispensable,  so  far  as  relates  to  the  quality  of  the 
results,  the  higher  the  speed. 

The  reason  for  the  considerable  increase  in  the  Total  Works  Cost 
which  the  use  of  special  grade  steel  effects  in  the  case  of  alternators 
is  simply  due  to  its  high  price.  When  the  use  of  such  material  has 
become  more  common,  the  price  will  be  brought  more  into  line  with 
that  of  the  present  ordinary  grades  of  steel,  and  its  use  for  high  speed 
alternators  will  become  general. 

In  the  designs  set  forth  in  this  treatise  we  have  based  our  esti- 
mates on  the  use  of  the  customary  grades  of  core  plates.  In  so  far 
as  the  low  loss  core  plates  are  employed  instead,  the  designs  will  be 
improved.  But  the  designs  will  even  then  be  none  too  good,  for  in 
the  design  of  extra  high  speed  electrical  machinery,  there  is  no  option 
but  to  sail  closer  to  the  wind  than  in  designing  machines  for  less 
extreme  speeds,  so  that  the  increased  margin  afforded  by  the  use  of 
this  low  core  loss  material  is  very  welcome. 

The  "figure  of  loss"  is  the  most  useful  term  in  which  to  express 
the  quality  of  sheets  as  regards  core  loss.  This  term  is  defined  by 
the  Verband  Deutscher  Elektrotechniker  as  the  total  iron  loss  in 
watts  per  kilogram,  as  measured  by  means  of  a  wattmeter  on  a 
sample  made  up  of  at  least  four  different  plates.  The  sample  shall 
weigh  at  least  10  kg.  and  the  loss  in  watts  per  kilogram  shall  be 
determined  at  a  temperature  of  about  30  deg.  Cent,  for  a  maximum 
induction  of  10  kilolines  per  square  centimetre  and  a  periodicity  of 
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Absoissae  denote  Rated  Speed  In  Revolutions  per  Minute. 


Fiaa  43-50.  —  Curves  showing  effect  of  grade  of  armature  laminations  on  cost  and 
quality  of  400  kva.  alternators  for  various  rated  speeds.  (The  points  ®  relate  to 
the  rotating  armature  designs  of  column  D  of  specification  on  pp,  133-137.) 
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Fig.  51.  —  Ratio  of  Total  Works  Cost 
of  400  kva.  alternating  current  gen- 
erator with  special  and  ordinary 
grade  armature  laminations.  (Point 
A  relates  to  a  rotating  armature 
design.) 


50  complete  cycles  per  second.    As  normal   thicknesses  shall   be 

taken  0.3  mm.  and  0.5  mm.,  deviations  from  the  normal  thick- 
ness shall  not  exceed  10  per  cent. 
The  measurements  shall  be  made 
I  ^_3l  I  I  I  I  I  I  I  I  ^^  ^  magnetic  circuit  composed  ex- 
clusively of  iron  or  steel,  of  the 
quality  to  be  tested,  and  built  in 
accordance  with  the  conditions  set 
forth  below.  As  specific  weight  of 
the  iron,  7.77  shall  be  taken  in 
all  cases  where  more  precise  data 
is  not  available.  The  iron  loss  shall 
be  measured  by  the  Epstein  method 
in  accordance  with  which  the  mag- 
netic circuit  is  constructed  of  four 
cores,  each  having  a  length  of  500 
mm.,  a  breadth  of  30  mm.,  and  a 
weight   of  at    least  2.5    kg.,  thus 

making  a  total  weight  of  at  least  10  kgs.  for  the  four  cores.    The 

individual   sheets  are  insulated   from 

one  another  by  Japanese  paper  in  such 

a  manner  that  they  are  at  no  point  in 

contact  with  one  another.     The  four 

cores  constitute  a  rectangular  circuit, 

as  shown  in  Fig.  52,  and  are  secured 

in  ix)sition  by  wooden  clamps  at  the 

four  corners.    At  the  butt  joints  they 

are   separated   from   one  another  by 

press-spahn    of    0.15  mm.  thickness. 

In  building  together  the  circuit,  care 

must  be  taken  that  the  cores  fit.  well 

with    one    another.      As    indications 

that  this   is  the  case  may  be  men- 
tioned  the   deadening    of    the    noise 

when   magnetised,  and  the  obtaining 

of   a  minimum   deflection    on    the    ammeter   in   the   magnetising 

circuit. 
The  magnetising  coils  are  constructed  on  bobbins,  with  internal 

dimensions  of  38  nmi.  X  38  mm.  and  a  length  of  435  nun.    Each  of 


Fig.  52. 


Epstein  sheet  iron 
tester. 
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the  four  bobbins  contains  150  turns  of  copper  of  a  cross  section  of  14 
sq.  mm.  It  is  suggested  in  the  rules  that  the  winding  may  con- 
veniently consist  of  two  round  wires  each  of  3.5  mm.  diameter  and 
wound  in  parallel.  Originally  it  was  thought  preferable  to  build  up 
these  Epstein  samples  to  a  weight  of  20  kgs.,  but  this  weight  has  ulti- 
mately been  reduced  to  10  kgs.,  which  is  now  standard.  A  photograph 
of  a  wound  sample  is  shown  in  Fig.  53. 


Fig.  53. —  Wound  sample  of  Epstein  iron  tester. 

The  most  customary  standard  size  in  which  sheet  steel  for  armatures 
is  delivered,  is  in  plates  measuring  1  metre  X  2  metres.  Plates  of 
larger  dimensions  are  generally  only  supplied  at  higher  prices,  and  a 
longer  time  is  required  for  providing  them.  It  has  thus  become 
fairly  general  practice  when  armature  cores  of  diameters  in  excess  of 
1000  nmi.  are  required,  to  build  them  up  from  segments  whose  max- 
imum dimensions  do  not  exceed  the  dimensions  of  sheets  of  this 
standard  size. 

It  is  therefore  customary  to  consider  990  mm.  as  the  largest  diam- 
eter of  armature  in  which  complete  disks  shall  be  employed. 

The  "figure  of  loss"  for  ordinary  sheet  iron  ranges  from  1.5  to  4 
watts  per  kg.  From  the  standard  conditions  of  density  (10  kilolines 
per  square  centimetre)  and  frequency  (50  cycles  per  second)  at  which 
(F)  the  "figure  of  loss"  is  expressed,  the  loss  in  watts  per  kilogram  at 
any  other  density  (B)  and  frequency  (N)  may  be  approximately  esti- 
mated as  follows: 
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Let  L  equal  the  loss  for  any  other  than  the  normal  values  of  B  and 
N  (i.e.,  at  values  other  than  -B  =  10  and  N  =  50),  for  an  iron  whose 

Q 

figure  of  loss  is  equal  to  F.    Then  L 


X  N  X  F  ^  0.002 


lOX  50 

X  C  X  N  X  F,  where  C  is  a  factor  depending  on  the  density  B.  Let- 
ting K  -  0.002  X  C,  we  have  L  ^  K  X  N  X  F.  Values  for  K  for 
any  density,  B,  may  be  taken  from  Table  8. 

TABLE  8. 


Values  op  iC  in  the 

.  Formula  L  ^  K  X  N  X  F,  pob  Obtaining  the  Core  Loss 

IN  Watts  Per  Kilogram. 

Deneityln  Kilolines 
per  Square   Centi- 

Multiplier to  Obtain  the 
Watts   per  kg.  from 
Figure  of  T<088  and 

Density  in  Kilolines 
per   Square    Centi- 
metre. 

Multiplier  to  Obtain  the 
Watts   per   kg.   from 
Figure    of    Loss  and 

me  re. 

Periodicity. 

Periodicity. 

B 

K 

B 

X 

4 

0.0046 

13 

0.0296 

5 

0.0066 

14 

0.0336 

6 

0.0088 

15 

0.0380 

7 

0.0114 

16 

0.043 

8 

0.0136 

18 

0.050 

9 

0.0168 

20 

0.060 

10 

0.0200 

22 

0.070 

11 

0.0236 

24 

0.080 

12 

0.0268 

The  watts  per  kilogram  for  customary  material  for  a  thickness  of 
some  0.4  to  0.5  millimetre  and  at  a  periodicity  of  50  cycles  per  second, 
is  plotted  as  a  function  of  the  density  in  curve  A  of  Fig.  54.  Curve 
B  of  this  same  figure  corresix)nds  to  one  of  the  low  loss  materials. 
The  figures  of  loss  for  these  two  materials  are  indicated  in  the 
curves,  and  in  these  tests  were  respectively  3.3  and  1.6. 

\ATien  the  laminations  are  built  up  together,  as  in  a  finished  machine, 
the  actual  core  loss  per  kilogram  is  considerably  greater  than  would 
correspond  to  the  results  obtained  on  samples  as  plotted  in  Figs.  54 
and  55,  from  tests  by  the  Epstein  method  or  its  equivalent. 

Measurements  of  the  core  loss  of  actual  machines  do  not  show  so . 
great  a  gain  from  the  use  of  low  loss  iron  as  are  indicated  by  meas- 
urements on  samples.    It  is  found  that  the  low  loss  iron  may  be  relied 
upon  to  reduce  the  core  loss  in  the  actual  machines  to  some  60  per  cent 
to  70  per  cent  of  the  loss  with  the  customary  grades  of  core  plates. 

This  lower  degree  of  superiority  may  be  ascribed  largely  to  the  eddy 
current  losses  due  to  filing  the  slots  of  the  assembled  armature  and 
to  eddy  current  losses  in  various  solid  parts  as  also  in  the  armature 
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conductors.  These  additional  (or  "parasitic")  losses  will  not  be 
decreased  through  the  use  of  the  better  quality  of  core  plates,  and 
hence  they  tend  to  mask  the  advantage  to  be  gained  by  employing 
it.  The  residual  gain  is,  however,  ample  justification  for  employing 
the  low  loss  material  in  extra  high  speed  alternators,  notwithstand- 
ing its  great  cost,  as  the  difficulties  associated  with  such  designs 
justify  resorting  to  any  sound  expedient  not  leading  to  prohibitive 
Total  Works  Cost. 
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Fig.  54.  —  Curves  showing  the  eneigy  losses  in  armature  stampings  (thickness  0.4  to 
0.5  mm.)'     For  periodicity  of  50  cycles  and  for  different  densities. 

The  core  loss  varies  with  the  thickness  of  the  plates,  and  the  curves 
in  Fig.  55  (taken  from  test  results  supplied  by  a  large  dealer  in  core 
plates)  give  approximate  data  of  the  extent  of  the  influence  of  the 
thickness.  The  term  "Stalloy"  appended  to  the  lower  curve  is 
merely  a  trade  name  applied  to  a  particular  brand  of  low  loss  core 
plates.  Other  dealers  in  armature  core  plates  supply  brands  with 
substantially  identical  properties,  and  there  are  beginning  to  be 
heard  reports  of  even  better  results. 

The  eddy  current  loss  depends  on  the  specific  resistance  of  the 
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iron,  a  high  resistance  iron  showing  a  lower  eddy  current  loss.  This 
property  has  been  utilized  to  produce  the  "low  loss"  sheet  steels  which 
have  appeared  during  the  last  year  or  two.  The  properties  of  such 
steel  alloys  embody  a  high  specific  resistance  —  up  to  45  microhms 
per  cubic  centimetre  and  more,  with  very  slight  inferiority  in  mag- 
netic permeability.  The  core  loss  for  such  an  alloy  is  plotted  in  the 
lower  curve  of  Fig.  54,  from  which  it  will  be  seen  that  the  loss  as 
measured  on  samples  for  this  alloy,  is  some  50  per  cent  of  that 
obtained  with  ordinary  iron. 
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Fig.  55.  —  Curves  showing  the  effect  of  the  thickness  of  the  stamping?  on  the  figure 
of  loss  (watts  per  kg.  at  a  periodicity  of  50,  and  a  density  of  10,000)  for  stampings 
by  Messrs.  Sankey  of  Belston,  England. 

If  we  produce  the  cui-ves  in  Fig.  55  until  they  cut  the  vertical 
axis,  as  indicated  by  the  dotted  lines,  we  obtain  a  theoretical  value 
for  the  figure  of  loss  when  the  laminations  are  infinitely  thin;  in  such 
a  case,  however,  the  electrical  resistance  to  the  eddy  currents  would 
be  infinitely  great,  and  the  energy  wasted  in  such  currents  would  be 
infinitesimal.  Hence  we  can  obtain  some  idea  of  the  amount  of  the 
hysteresis  component  of  the  losses;  the  figure  of  loss  for  the  "Lohys" 
grade  is  about  2.45  watts  per  kg.  at  the  limit,  and  on  the  other  hand 
the  '*Stalloy  "  brand  has  a  figure  of  loss  of  only  about  1.5  watts  per  kg. 
Thus  not  only  do  these  low  loss  steels  have  greatly  reduced  eddy 
currents  due  to  their  high  specific  resistance,  but  the  hysteresis  loss 
is  also  materially  decreased. 


PERMEABILITY  OF  MAGNETIC  MATERIALS. 

Such  a  low  loss  steel  may  be  utilized  in  high  speed  machines 
by  retainmg  the  same  weight  of  iron,  and  thus  reducing  th 
loss  and  the  heating,  or  by  retainmg  the  same  core  loss  and  heatmg 
and  thus  reducing  the  weight.  If  the  design  is  sufficiently  good  from 
the  thermal  standpomt,  the  latter  plan  may  be  advisable,  but  it  would 
depend  on  the  relative  cost  in  each  case.  The  price  of  ordinary 
grade  sheets  ready  for  stamping  is  at  present  from  $70  to  $100  per 
ton,  and  for  the  low  loss  iron  from  $180  to  $220  per  ton. 

In  the  case  of  a  4*pole  650  kva.  alternator  deagned  in  Chapter 
Vn,  the  magnetic  cross  section  in  the  armature  is  1540  square  centi- 
metres and  the  weight  of  armature  stampings  is  2.34  tons.  At  a 
density  of  8,000  lines  per  square  centimetre  and  a  frequency  of  50 
cycles,  the  loss  per  ton  is  7  kw.  and  the  total  core  loss  16.4  kw.  As 
the  heating  coefficient  of  this  machine  is  not  excessive  (80  watts  per 
square  decimetre  of  air  gap  surface)  it  is  not  necessary  to  decrease 
the  core  loss,  and  the  armature  laminations  might  be  replaced  by  low 
loss  iron  at  a  density  of  12  kilolines,  which  would  require  a  magnetic 
cross  section  of  only  1030  square  centimetres.  The  weight  would 
then  be  1.55  tons  and  the  loss  per  ton  10.5  kw.,  giving  a  total  loss 
of  16.3  kw.,  which  is  the  same  as  before.  With  the  low  loss  iron  the 
external  diameter  of  the  armature  stampings  would  be  reduced  from 
128  to  115  centimetres,  and  consequently  a  smaller  frame  could  be 
employed  with  somewhat  less  material.  For  these  two  cases,  how- 
ever, the  cost  of  the  stampings  will  be  some  $210  and  $350  respec- 
tively, so  that  the  outlay  for  core  plates  is  some  $140  greater. 

In  the  case  of  bi-polar  alternators,  we  have  seen  that  the  heating 
coefficient  is  rather  high,  and  very  efficient  ventilation  is  called  for. 
The  bulk  of  the  armature  losses  is  comprised  in  the  iron  loss,  which 
reaches  some  90  per  cent  of  the  total  armature  loss.  Advantage 
may  in  these  cases  be  taken  of  a  low  loss  iron  by  substituting  stamp- 
ings of  the  same  magnetic  density  and  the  same  total  weight,  which 
would  give  a  diminished  core  loss  and  heating.  As  a  case  in  point, 
let  us  consider  the  400  kva.  2-pole  alternator,  for  which  data  is  given 
in  Chapter  VIII.  The  heating  coefficient  for  this  machine  is  152  watts 
per  square  decimetre.  A  comparison  between  the  design  as  it  stands 
and  as  it  would  be  with  special  iron  is  set  forth  in  Table  9  on  page  58. 

Permeability  of  Magnetic  Materials.  —  For  the  designer,  the 
most  convenient  method  of  showing  the  relative  permeability  of  the 
various  magnetic  materials,  is  by  means  of  saturation  curves  showing 
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the  excitation  required  for  unit  length  of  the  material  at  different 
induction  densities.  Saturation  curves  for  cast  iron,  cast  steel,  and 
armature  laminations  are  shown  in  Fig.  56.  While  it  is  quite  possible 
to  obtain  materials  having  a  somewhat  higher  permeability  than  is 
indicated  by  these  curves,  there  is  always  an  element  of  uncertainty, 
owing  to  variations  in  the  composition  of  the  material.  It  is  there- 
fore not  expedient  to  base  designs  on  the  higher  values  obtainable, 

TABLE  9. 

Comparison  op  Costs  op  Armature  op  400  Kva.  2-Pole  Alternators. 


•  Magnetic  cross  section — sq.  cms 

Flux  density  —  kilolines  per  sq.  cm 

Frequency 

Kilowatts  per  ton 

Weight  —  tons 

Totw  core  loss  —  kilowatts 

Total  armature  losses  (iron  and  copper)     .    . 
Heating  coefficient — watts  per  sq.  dm.  of  irD^ 

Full  load  efficiency  (cos  ^  «  1 ) 

(Dost  of  stampings 


Ordinary  Iron. 

Special  Iron. 

2050 

2050 

8.2 

8.2 

50 

50 

7.4 

4.9 

2.32 

2.32 

17.2 

11.5 

19.96 

14.26 

152 

108 

94.5% 

95.5% 

$210 

$500 

unless  the  material  is  carefully  tested  before  use  and  the  poorer 
samples  ruthlessly  rejected.  The  curves  in  Fig.  56,  however,  have 
been  carefully  prepared  with  a  view  to  ensuring  conservative  results. 

Materials  for  Rotors.  —  Rotating  armatures  for  continuous  current 
machines  are  of  laminated  construction  and  there  is  no  particular 
difficulty  in  obtaining  homogeneity. 

The  stresses  in  a  rotating  armature  for  a  continuous  current  machine 
are  not  generally  excessive,  as  continuous  current  machines  do  not 
usually  run  into  large  sizes.  Further,  the  windings  are  thoroughly 
distributed,  which  relieves  the  system  of  the  stresses  due  to  large 
concentrated  masses  of  copper.  With  rotating  fields  the  stresses 
are  generally  of  greater  magnitude,  being  in  some  cases  of  such  values 
that  the  unavoidable  working  stress  does  not  permit  of  a  safety  factor 
of  much  more  than  2,  referred  to  the  elastic  limit. 

In  view  of  this,  the  material  must,  regardless  of  cost,  be  of  the 
best  quality  procurable  as  regards  strength  and  homogeneity.  Hence 
for  all  high  speed  machines,  except  perhaps  for  those  of  small  size, 
castings  should  generally  be  avoided.    The  material  for  rotating  fields 
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may  be  either  steel  forgings,  pressed  steel,  or  sheet  steel  stafl 
according  to  the  type  of  construction  employed.  , 

The  safety  factor  obtained  depends  on  the  size  and  speed  of  the 
machine.  Were  it  practicable  to  employ  extra  high  strength  steels, 
such  as  are  used  in  rotating  disks  for  steam  turbines,  considerably 
higher  safety  factors  could  be  allowed.  Such  high  strength  steels 
are  obtained  by  the  addition  of  suitable  small  percentages  of  foreign 
materials  —  such   as    carbon,  nickel,  manganese,  and    chromium. 


10  8O3O4O506O7ObO90l0O 

Ampere  Tarns  per  Centimeter 

Fio.  56.  —  Saturation  curve  used  in  designing  the  magnetic  circuit  of  electric 

machines. 

These  substances,  when  used  in  the  proportions  required  for  impart- 
ing sidtable  mechanical  properties,  unfortimately  impair  the  per- 
meability and  magnetic  properties  of  the  steel. 

It  will  be  of  interest  to  give  a  few  notes  on  materials  of  great 
mechanical  strength.  Stodola  in  "Die  Dampfturbinen"  quotes 
figures  supplied  by  the  Krupp  Works  at  Essen.  For  turbine  disks,  a 
nickel  steel  is  recommended  of  some  9  tons  per  square  centimetre 
breaking  strength  with  12  per  cent  elongation,  and  an  elastic  limit  of 
6.5  tons  per  square  centimetre.    Nickel  steel  of  greater  strength 
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/  (though  with  less  percentage  elongation),  is  available,  and  with 

forged  pieces  of  small  dimensions  a  breaking  strength  of  over  20  tons 
per  square  centimetre,  and  an  elastic  limit  of  over  6  tons  per  square 
centimetre  can  be  obtained.  An  average  of  6  tests  showed  a  break- 
ing strength  of  18.1  tons  per  square  centimetre,  and  an  elastic  limit 
of  13.2  tons  per  square  centimetre  with  a  mean  elongation  of  6  per 
cent.  Messrs.  Krupp's  opinion  is  that  where  there  is  no  reversal  of 
the  direction  of  the  stress,  it  is  permissible  to  work  up  to  one  third 
of  the  elastic  limit,  and  ultimately  perhaps  even  higher.  Doctor 
Riedler  and  Professor  Stumpf  consider  that  from  2  to  2J  as  a  safety 
factor  is  admissible. 

With  forgings  of  ordinary  steel,  such  as  is  permissible  for  rotating 
fields,  the  average  breaking  stress  in  tension  is  about  4.7  tons  per 
square  centimetre,  and  the  elastic  limit  is  3.5  tons  per  square  centi- 
metre as  set  forth  in  Table  11  on  pages  62  and  63.  Hence  allowing 
a  safety  factor  of  2.5  on  the  elastic  limit,  a  value  of  1.4  tons  per 
square  centimetre  for  working  stress  in  tension  is  obtained. 

The  peripheral  stress  in  a  rotating  cylinder  is  given  by  the  expres- 
sion .  _     dv^ 

'  ""  98,100' 

Where  /  is  the  peripheral  stress  in  tons  per  square  centimetre,  due 
to  centrifugal  force,  d  is  the  density  of  the  material  in  grams  per 
cubic  centimetre,  and  v  is  the  peripheral  speed  in  metres  per  second. 

TABLE  10. 

The  Limitinq  Peripheral  Speed  for  Materials  of  Different  Strength. 


Material. 


Wrought  iron  .    .    . 

Cast  iron 

Cast  steel  .... 
Forged  steel.  .  .  . 
Cast  copper  .  .  . 
Rolled  copper  .  .  . 
Hatd  drawn  copper 
Cast  brass  .... 
Gun  metal  .... 
Phosphor  bronze .  . 
Manganese  bronze  . 
Delta  metal  (cajst)  . 
Cast  aluminium  .  . 
Wood  —  Pine  .    .    . 


Peripheral  Speed  in  Metres  per  Second 
for  Peripneral  Streseea  £qual  to 


Ultimate  Strength.  Elastic  limit. 


220 
130 
220 
240 
130 
155 
210 
140 
159 
210 
230 
240 
220 
260  to  370 


160 

00 

150 

170 

'so 


75 
125 

i26 
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This  approximates  to  /  =  O.OOOOSv'  for  materials  of  the  same  specific 
gravity  as  steel  and  iron. 

Hence  for  a  stress  of  1  ton  per  square  centimetre,  the  correspond- 
ing peripheral  speed  will  be  about  110  metres  per  second.  A  periph- 
eral speed  of  100  metres  per  second  is  rarely  exceeded  in  alternator 
designs,  and  considerably  lower  speeds  are  highly  desirable. 

From  this  relation  we  are  able  to  calculate  the  speed  corresponding 
to  the  breaking  stress  and  the  elastic  limit.  These  limiting  speeds 
for  various  materials  are  set  forth  in  Table  10,  the  ultimate  strength 
and  elastic  limit  being  taken  from  Table  11. 

The  windings,  whether  on  rotating  armatures  or  fields,  are  generally 
80  disposed  as  to  minimise  the  stress  on  the  copper  as  far  as  prac- 
ticable. The  centrifugal  forces  of  windings  distributed  in  slots  are 
taken  up  by  slot  wedges  of  bronze  or  gun  metal„  or,  if  the  stresses 
are  low,  oak  or  maple  wood.  The  end  covers  for  armature  windings 
and  also  for  field  windings  of  fields  of  the  smooth  cylindrical  type, 
may  be  of  phosphor  bronze,  manganese  bronze,  or  nickel  steel. 

Table  11  gives  for  a  number  of  materials,  including  all  those  re- 
ferred to  above,  data  for  the  average  working  and  breaking  stresses 
and  for  the  elastic  limits. 

There  has  been  a  general  impression  that  the  low  loss  sheet  steel, 
of  which  considerable  data  has  been  given  in  this  chapter,  is  rather 
inferior  as  r^ards  mechanical  strength,  and  that  this  inferiority 
might  stand  in  the  way  of  its  use  in  rotors  where  the  highest  obtain- 
able mechanical  strength  is  of  prime  importance.  While  this  work 
has  been  going  through  the  press  we  have  had  pointed  out  to  us 
that,  at  any  rate  in  the  case  of  certain  of  these  new  low  loss  sheet 
steels,  this  is  not  the  case,  and  there  have  been  supplied  to  us  the 
following  comparative  figures  for  physical  tests  of  **Stalloy"  and 
of  ordinary  soft  steel. 


Stalloy. 

Ordinary  Armature 
Quality. 

Maximum  load  in  tons  per  sc).  in 

RUiitip  limit  in  tons  t>er  so.  in 

32 
26 
10% 

18 
10 

E^lonoffttion  on  4  in 

18^ 

10/f> 

Messrs.  Joseph  Sankey  &  Sons,  the  manufacturers  of  stalloy,  also 
point  out  that,  realizing  that  low  hysteresis  is  not  of  much  conse- 
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quence  in  the  rotor,  they  have  been  making  a  special  quality  of  steel 
purely  with  respect  of  mechanical  strength,  for  which  the  figures 
are  approximately  as  follows: 

Maximum  load  in  tons  per  s(].  in 25 

Elastic  limit  in  tons  per  sq.  in 17 

Elongation  on  4  in 10% 

The  manufacturers  do  not  guarantee  the  magnetic  quality  of  this 
latter  material.  With  stalloy,  however,  it  would  appear  from  the 
figures  that  both  high  meclumical  strength  and  good  magnetic  qual- 
ity are  secured. 
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PART   II  —  ALTERNATING   CURRENT    GENERATORS. 


CHAPTER  V. 

PRESSURE  REGULATION  OF  ALTERNATING  CURRENT 
GENERATORS. 

For  the  purpose  of  studying  the  influence  of  various  factors  on 
the  regulation,  and  in  calculating  the  regulation  for  most  of  the 
designs  worked  out,  we  shall  in  this  treatise  follow  the  method  set 
forth  in  a  paper  in  which  one  of  the  present  authors  collaborated, 
and  which  was  read  before  the  American  Institute  of  Electrical  Engi- 
neers* in  1905.  We  shall  not  enter  in  detail  into  the  theoretical 
basis  of  this  method,  but  shall  give  an  outline  sufficient  for  purposes 
of  calculation. 

The  pressure  regulation  of  an  alternator  is  preferably  specified  as 
the  percentage  by  which  the  terminal  voltage  rises  when  the  load  is 
decreased!  from  full  load  to  no  load  without  changing  the  speed  or  the 
field  excitation.  This  may  be  termed  the  ''inherent  regulation"  and 
is  generally  specified  for  full  load  at  unity  power  factor,  and  for 
full  load  at  80  per  cent  power  factor.  The  two  values  are  termed 
respectively  *'  The  inherent  regulation  at  unity  power  factor" 
and  "the  inherent  regulation  at  a  power  factor  of  0.8."  The 
full  load  current  at  other  than  unity  power  factor  is  to  be  taken  at 
the  value  corresponding  to  unity  power  factor;  i.e.,  the  kilovolt- 
amperes  and  not  the  kilowatts  is  taken  as  the  basis  of  rating  of 
alternators. 

The  customary  values  of  the  inherent  regulation  range  from  4  per 
cent  to  7  per  cent  for  a  power  factor  of  1.0  and  from  15  per  cent  to 
22  per  cent  for  a  power  factor  of  0.8.  The  British  Engineering 
Standards  Conmiittee  recommend  6  per  cent  on  full  non-inductive 

♦  Ppoc.  American  IruttttUe  of  Electrical  Engineers,  vol.  xxiii,  p.  291,  "A  Contribu- 
tion to  the  Theoiy  of  the  Regulation  of  Alternators,"  H.  M.  Hobart  &  F.  Punga. 

t  This  is  the  most  common  and  the  distinctly  preferable  specification,  but  an  alter- 
native occasionally  employed  is  to  specify  the  percentage  drop  in  voltage  when  the 
load  is  increased  from  xero  to  full  load,  the  excitation  and  speed  being  maintained 
constant. 
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load  and  20  per  cent  on  full  inductive  load  with  a  power  factor  of  0.8, 
as  maximum  values. 

It  is  sometimes  useful  to  also  specify  the  "excitation  regulation," 
which  is  defined  as  the  percentage  increase  in  the  field  current  to 
maintain  normal  terminal  voltage  when  the  load  is  increased  from 
zero  to  full  load.  The  excitation  regulation  ranges  from  10%  to 
15%  on  non-inductive  load,  and  from  25%  to  35%  on  inductive  load 
with  a  power  factor  of  0.8,  for  normal  machines. 

In  pre-determining  the  pressure  regulation  of  an  alternator,  the 
quantity  requiring  to  be  ascertained  is  the  additional  field  ampere 
turns  necessary  at  rated  load  to  maintain  the  normal  terminal  volt- 
age, and  it  is  with  the  estimation  of  this  quantity  that  pressure  regu- 
lation calculations  are  chiefly  concerned.  These  additional  ampere 
turns  consist  of  three  components  whose  respective  functions  are: 

I.  To  counteract  the  demagnetising  ampere  turns  of  the  arma- 
ture due  to  the  current  at  the  rated  load. 

II.  To  make  up  for  the  pressure  drop  due  to  the  reactance  and 
resistance  of  the  armature  winding. 

III.  To  provide  for  the  increase  in  magnetic  leakage,  brought 
about  by  the  increased  magnetomotive  force,  which  increases  the 
total  flux  in  the  magnet  cores  and  hence  the  flux  density  and  ampere 
turns  required  for  the  magnet  cores  and  yoke. 

I.  The  Demagnetising  Ampere  Turns. 

The  demagnetising  component  of  the  armature  ampere  turns  is 
given  by  the  expression 

D  ^  KB  ni  sin  ^' 

where  D  is  expressed  in  ampere  turns,  and : 

X  =  a  coefficient  depending  on  the  ratio  of  pole  arc  to  pole 

pitch, 
B  =  the  breadth  factor  of  the  winding. 
ni  =  the  armature  ampere  turns  per  pole  for  all  the  phases. 
if/  =»  the  angle  between  the  pole  centre  and  the  position  of  the 
armature  conductor  when  it  carries  maximum  current. 
This  may  be  termed  the  **  internal  phase  angle." 
1.  The  values  of  K  are  as  follows: 


Ratio  of  pole  arc  to  pole  pitch 
Value  of  X 


THE  DEMAGNETISING  AMPERE  TURNS. 
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2.  The  values  for  B,  the  "breadth  factor,"  depend  on  the  dis- 
tribution of  the  winding,  and  are  given  in  Table  12. 

TABLE  12. 

Breadth  Factor  of  Armature  Coils. 


Pereentaffe    of    Pole    Pitch 
Covered  by  One  Side  of  the 
Armature  Coil. 

Values  for  B,  the 
"  Breadth  Factor." 

20  per  cent 
33  per  cent 
40  per  cent 
50  per  cent 
60  per  cent 
80  per  cent 
100  per  cent 

0.99 
0.95 
0.94 
0.90 
0.86 
0.76 
0.64 

Single-phase  windings  cover  from  20  per  cent  to  100  per  cent  of 
the  pole  pitch  according  as  they  are  concentrated  or  thoroughly  dis- 
tributed windings. 

Two-phase  windings  generally  cover  25  per  cent  of  the  pole  pitch 
on  either  side  of  a  coil  of  one  phase,  the  whole  coil  thus  covering 
one  half  of  the  pole  pitch,  and  thus  having  a  breadth  factor  of 
0.90. 

The  commonest  three-phase  winding  is  the  2-range  winding  (which 
is  half  coiled,  i.e.  has  one  coil  per  phase  per  pair  of  poles,  see  p.  231, 
Chapter  XI),  and  with  this  winding,  a  single  coil  of  one  phase  covers 
one  third  of  the  pole  pitch  on  either  side,  and  thus  has  a  breadth  factor 
of  0.95.  Three-phase  distributed  wave  windings  also  spread  33  per 
cent  of  the  pole  pitch  on  either  side  of  the  winding  of  one  phase 
under  a  pole. 

3.  The  armature  ampere  turns  per  pole,  m,  may  be  designated  as 

the  armature  strength;  the  armature  strength  is  in  this  treatise  taken 

equal  to  the  number  of  turns  per  pole  for  all  the  (n)  phases  multiplied 

Tni 
by  (i)  the  ciurrent  in  the  windings,  and  is  thus  equal  to where  T  = 

the  total  number  of  turns  per  phase,  n  ^  the  number  of  phases, 
t  «  the  current  per  phase,  and  p  =  the  number  of  poles.  Let  us,  for 
mstance,  consider  a  3-phase  3000  kva.  8-pole,  11,000  volt,  50  cycle, 
Y-connected  alternator  having  120  slots  and  4  conductors  per  slot, 
The  total  number  of  conductors  on  the  armature  is  120  X  4  «  480, 
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and  the  conductors  per  phase  =  ^^  =  160.    T,  the  number  of  turns 
per  phase,  is  thus  equal  to  ^^  =  80.    The  voltage  per  phase  equals, 

lip  =  6350. 
V3 

The  current  per  phase  at  full  load  is  equal  to 

3,000,000       .ro 
rx6350  -  '^  *'"P^'^'- 

Hence  for  the  armature  strength  we  have 

.     Tni       80  X  3  X  158       .-.^  . 

m  =» = =  4740  ampere  turns. 

p  8 

4.  The  **  internal  phase  angle  '*  <f>^  consists  of  three  components 

^'  -  ^  +  a  +  /?. 

<f>  is  the  phase  angle  by  which  the  current  in  the  external  circuit 
lags  behind  the  terminal  voltage.  The  power  factor  in  the  external 
circuit  is  equal  to  cos  (f>. 

a  is  the  phase  angle  between  the  internal  E.M.F.  and  the  terminal 
E.M.F.  and  due  to  the  armature  reactance. 

fi  is  the  angular  displacement  of  the  magnetic  centre  of  the  field 
flux  due  to  the  distortion  of  the  flux  by  the  armature  magneto- 
motive force. 

The  conditions  in  the  alternator  armature  for  a  load  having  a 
power  factor  equal  to  cos  <l>,  are  as  represented  in  the  vector  diagram 
of  Fig.  57  in  which 

OV  «  the  terminal  voltage  per  phase. 

OC  »  the  current  in  the  armature  windings,  (and  of  course  also 
in  the  external  circuit)  lagging  by  an  angle  ^  behind  the 
terminal  voltage  OV. 

OP  «  RV  ==  the  reactance  voltage  in  the  armature  when  carry- 
ing the  current  OC. 

RE  =  the  voltage  drop  by  ohmic  resistance. 

OE  =»  the  internal  voltage  per  phase,  generated  in  the  armature 
by  the  flux  crossing  the  gap. 
4>  =*  angle  VOC  =  phase  angle  between  current  OC  and  termi- 
nal voltage  per  phase  OV. 
a  «  angle  EOV  =  phase  angle  between  internal   E.M.F.  per 
phase  OE  and  terminal  E.M.F.  per  phase  OV. 
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For  a  load  of  unity  power  factor,  4>  »  zero,  and  the  conditions  are 
as  shown  in  Fig.  58. 

Calculation  of  <l>\  — The  Internal  Phase  Angle. 

Of  the  three  components  <^,  a,  and  fi: 

(1.)  ^  is  known  from  cos  <l>,  the  power  factor. 

(2.)  The  determiriatian  of  a:  To  determine  a  it  is  necessary  to 
know  the  value  of  the  reactance  voltage(V)  of  the  armature,  and 
to  be  precise,  also  the  resistance  drop  in  the  armature  windings,  the 
latter,  however,  generally  exerting  a  far  less  influence  on  the  final 
results  than  is  exerted  by  the  reactance  voltage. 


Fig.  58. 
Fi08.  57,  57A  and  58.  — Vector  diagrams  relating  to  pressure  regulation. 

The  reactance  voltage  is  equal  to  the  reactance  of  the  armature, 
multiplied  by  the  current,  thus: 

V  =  (27:N1)  X  t, 
where 

N  «  frequency  in  cycles  per  second. 
/  =  inductance  of  the  armature  winding  in  hemys. 
i  «  current  in  armature  in  amperes. 

V  «  reactance  voltage. 

N  and  i  being  known,  we  can  obtain  v,  the  reactance  voltage,  as 
soon  as  we  have  determined  /,  the  inductance. 
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Estimation  of  Z,  the  Inductance  of  the  Armature  Windings 
in  Henrys.  —  For  ascertaining  the  inductance  we  require  to  know 
the  number  of  lines  linked  with  the  armature  conductors  per  ampere 
turn.  With  open  straight-sided  slots  a  sufficient  approximation  to 
the  inductance  of  the  embedded  part  may  be  obtained  by  an  ele- 
mentary magnetomotive  force  calculation,  thus: 

Let  D  =  depth  of  slot  in  centimetres. 

d  =  depth  above  top  of  winding  in  centimetres. 
w  =  width  of  slot  in  centimetres. 

Then  the  number  of  lines  per  ampere  turn  per  centimetre  of 
embedded  length,  for  the  case  of  the  inductance  of  the  winding  in  a 
single  slot,  may  be  taken  as  approximately  equal  to, 


47r  i(D  -d)  +d 
10  w 


0.63 


D  +  d 
w 


If  the  coil  is  spread  over  two  slots,  the  length  of  the  magnetic  path 
through  the  air  is  doubled,  and  the  number  of  lines  per  ampere  turn 
per  centimetre  of  core  length  is  about  one  half  the  number  for  a 
single  slot. 

For  the  free  length  of  the  conductors,  i.e.,  the  parts  not  embedded 
in  iron,  the  number  of  lines  per  ampere  turn  per  centimetre  may  be 
taken  as  from  0.4  to  O.8.* 

As  a  rough  approximation  we  may  estimate  the  inductance  of  the 
free  length  on  the  basis  of  the  following  figures: 


Niimb«r  of  Slots  per  Pole 
per  Phase. 

Number  of  Lines  per  Am- 
pere Turn  per  Centimetre 
of  "Free"  Length. 

1 
2 
3 
4 

0.8 
0.7 
0.6 
0.6 

If  we  denote  the  total  number  of  lines  per  ampere  turn  by  Z, 
then  we  have  for  the  3000  kva.  alternator  which  we  have  taken  as 
example,  Z  =  (free  length  in  centimetres)  X  (0.5  to  0.8)  +  (the 
embedded  length  in  centimetres)  X  (the  lines  per  ampere  turn 
per  centimetre  of  embedded  length). 

*  "  Modem  Commutating  Dynamo  Electric  Machinery/'  H.  M.  Hobart,  Journal 
Institute  Electrical  Engineere,  vol.  zxxi,  p.  170,  1901. 
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The  inductance  of  a  coil  having  t  turns  is  equal  to  <*  Z  X  10^  and 
its  reactance  is  equal  to 

27:Nt^  Z  X  10-'. 

The  reactance  per  phase  is  the  reactance  per  coU  multiplied  by  the 
number  of  coils  per  phase.  As  an  example  let  us  return  to  the  case 
of  the  3000  kva.  alternator  mentioned  on  page  67. 

A  section  of  the  slot  is  shown  in  Fig.  59. 

Here  D  =  6.0, 

d  =  1.2, 
and  w  «=  2.1. 

Consequently  the  number  of  c.g.s.  lines  per  centimetre  of  embedded 
length  is  equal  to 


0.63(6:^_tl^^21g 


The  mean  length  of  one  turn  »  516  centimetres. 
"Embedded"  length  per  turn  =  2Xn  =  190  centimetres. 
"Free"  length  per  turn  «  356  centimetres. 

The  slots  being  open,  no  extra  allowance  is  required  for  overhang 
of  teeth.     Hence  the  total  number  of   lines  per 
ampere  turn  per  centimetre  of  embedded  length        r~7       Vg~ 
«2.16.  ^      r^ 

Spread  of  coil  (i.e.,  number  of  slots)  =  5. 

As  there  are  5  slots,  the  magnetic  length  of  the 
leakage  air  path  is  approximately  five  times  the 
magnetic  length  for  one  slot.    The  c.g.s.  lines  per  I*""*"* 

ampere  turn  per  centimetre  of  embedded  length  Fio.69. 

become  approximately  ^^-^  =  0.43,  say  0.5.  Slot  of  3000  kva. 

Hence  we  have:  alternator. 

c.g.s.  lines  per  ampere  turn  for  the  free  length  =  0.5  X  356  =  178*. 
c.g.8.  lines  per  ampere  turn  for  the  embedded  length  =  0.5  X  190 = 95. 
c.g.8,  lines  per  ampere  turn  (Z)  =  178  4-  95  =  273. 
Number  of  turns  per  coil  (t)  =  20. 

Inductance  of  one  coil  in  henrys  (I)  ^  e  X  Z  X  lOr*  =  0.00109 
and  the  reactance  of  one  coil  =  27ml  =  2;r  x  50  X  0.00109  =  0.342 
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ohms.    There  are  4  coils  per  phase,  therefore  the  reactance  per  phase 
is 

0.342  X  4  =  1.37  ohms. 

With  full  load  current  of  158  amperes,  the  reactance  voltage  per 
phase  =  158  X  1.37  =  216. 
Expressed   as  a  percentage  of  the  terminal   voltage  per  phase 

[ — ^-p~  =  6350J,  this  is  equal  to^^rr  X  100  =  3.4  per  cent. 

As  the  ohmic  drop  (ER  of  Fig.  57)  is  usually  small  compared 
with  the  reactance  voltage  and  with  the  terminal  voltage,  we  may 
neglect  ER  in  estimating  a.  Consequently  a  is  determined  by  the 
approximate  relation 

sin  a  «  —  cos  0, 

when  t;  =  reactance  voltage,  and 
V  =  terminal  voltage. 

This  relation  is  apparent  from  the  diagram  in  Fig.  57A  in  which 
the  resistance  drop  ER  has  been  neglected.    The  proof  is  as  follows: 

We  have  the  angle  BVH  -  KOR  =  ^  +  a, 

VH 
also  ^^-  =  cos  RVH  =  cos  (^  +  a), 

.-.  VH  ^RVcos{<l>  +  a), 

A  •  VH      RV        ,.^    . 

and  sm  a  =  —  -  ^cos  (<3&  +  a). 

As  a  is  exceedingly  small  compared  with  ^  we  may  take  cos  (^  +  a) 
as  approximately  equal  to  cos  <l>,  and  hence, 

RV        J.        ^         .  .      .  1 

sm  a  =  ^Ty-  cos  0  =  —  cos  0  approximately. 

a  could  of  course  be  scaled  off  from  a  diagram  such  as  Big.  57, 
in  which  the  various  voltages  are  set  out  to  scale,  and  there  would 
then  be  no  purpose  in  resorting  to  this  approximation. 

In  the  case  we  are  considering,  for  full  load  at  power  factor  0.8, 
0  =  37  degrees,  the  reactance  voltage  is  216,  and  hence, 

216  cos  37^     ^  ^^^- 
'''' "  ^       6350       '^-^^^^^ 
whence  a  «  1.5  degrees. 
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(3.)  The  Determination  of  /?.  We  may  determine  the  angle  p  from 
the  distorting  ampere  turns.  The  equation  for  p,  the  degrees  shift  of 
the  magnetic  centre  from  midpole-face  position  is:  — 

a  ^      Arm,  distort,  amp,  turns  per  pole       ^  ^  degrees. 
Air  gap  ampere  turns  on  field  per  pole. 

Table  13  shows  the  expressions  for  the  general  case  of  distorting 
and  demagnetising  ampere  turns. 


TABLE  13. 

EXPRBBSION  FOR  DbMAONETISINO  AND  DlSTORTINQ  COMPONBNTS  OF  ArMATURE 

Ampere  Turns. 


RaUo  of  Pole  Are  to  Pole  Pitch. 

Armature  Ampere  Turns  (Effectiye)  per  Pole. 

0.5. 

0.6. 

0.7. 

Demagnetifiing  ampere  turns . 
Distorting  ampere  turns.    .    . 

0.82  Bni  sin  4>' 
O.llSnicos^ 

0.78  Bnt  sin  ^' 
0.15Bntoo8^' 

0.75  Bnt  sin  ^ 
0.20Bnico6^ 

In  this  table,  ni  denotes  the  effective  armature  ampere  turns  per 
pole,  i.e.,  ni  =  (ampere  turns  per  pole  per  phase)  X  (number  of 
phases).    B  =  the  breadth  factor  already  discussed  on  page  67. 

The  expression  for  the  distorting  ampere  turns  contains  ^'  which 
is  equal  to  <^  -f  a  +  /?.  The  value  of  this  expression  is  not  known 
until  fi  is  determined.  Hence  in  calculating  the  distorting  ampere 
turns  we  must  assume  a  preliminary  value  for  /?,  and  if  the  calculated 
value  of  /?  comes  out  sufficiently  near  the  assumed  value,  the  calcu- 
lation will  stand,  but  if  not,  then  the  new  value  should  be  substituted 
and  the  calculation  revised. 

For  example,  in  the  case  of  the  3000  kva.  alternator  we  are  con- 
sidering, the  ratio  of  the  pole  arc  to  the  pole  pitch  is  equal  to  0.7, 
and  the  distorting  ampere  turns  are  ascertained  from  Table  13  to  be: 

0.20  B  ni  cos  </>' 

B  =  0.95  (see  p.  67) 
ni  «  4740  (see  p.  68) 
<^   =  37  degrees  (see  p.  72) 

a  =  1.5  degrees  (see  p.  72). 

Assuming  for  p  a  trial  value  of  7  degrees,  we  have  0'  -  37  +  1.5 
+  7  =  45.5  degrees  and  cos  ^'  =  0.71. 
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Hence  the  distorting  ampere  turns  0.20  X  0.96  X  4740  X  0.71  « 
6500.    The  field  ampere  turns  for  the  air  gap  for  this  design  are  8100. 

Whence  /?  -  ^^^\  X  90  degrees  =  7.2  degrees. 

This  value  is  so  near  the  assumed  value  of  7  degrees  that  it  is  not 
necessary  to  re-calculate  it,  but  if  there  were  a  wider  difference,  the 
value  of  /9  =  7.2  degrees  should  be  substituted,  giving  <f/  =  45.7  and 
the  calculation  revised  on  this  basis.  We  have  now  determined  0, 
a,  and  p,  and  from  them,  <f/,  from  which  latter  quantity  the  demag- 
netising ampere  turns  may  next  be  calculated  by  aid  of  the 
expressions  in  Table  13.  For  the  case  under  consideration  the 
demagnetising  ampere  turns  for  cos  <^  =  0.8  are 

=  0.75  B  ni  sin  4/ 

=  0.75  X  0.95  X  4740  X  0.707 

«  2400 (I) 

Thus  we  have  finally  arrived  at  the  value  of  Z),  the  demagnetising 
ampere  turns,  in  the  expression  D  =»  KB  ni  sin  <f/  on  p.  66. 

n.  The  Ampere  Turns  required  for  the  Reactance  Voltage. 

The  second  component  of  the  additional  field  ampere  turns  is 
required  to  make  up  for  the  sli^t  loss  of  pressure  due  to  the  react- 
ance voltage.  This  component  can  be  read  ofif  from  the  no  load 
saturation  curve.  For  the  case  under  consideration,  the  no  load 
saturation  curve  is  given  in  Fig.  60.  At  unity  power  factor  the 
component  of  the  reactance  voltage  in  phase  with  the  terminal 
voltage  is  zero,  and  at  any  power  factor,  cos  4>y  *he  component  is 
approximately  v  sin  <3&,  as  may  be  seen  from  Fig.  57.    We  have: 

i?sin^  =  216  sin  37°  =  130, 

and  from  the  no  load  saturation  curve  of  Fig.  60  the  ampere  turns 

required  for  this  voltage  are  found  to  be  280 (II) 

The  no  load  saturation  curve  can  be  readily  drawn  by  working  out 
the  field  ampere  turns  for  the  magnetic  circuit  at  two  voltages  and 
drawing  the  curve  through  the  two  points  obtained.  One  of  the 
points  should  be  worked  out  for  the  normal  voltage  of  the  machine 
and  the  other  for  a  voltage  some  20  per  cent  higher  than  normal 
voltage  provided  the  flux  densities  are  not  too  high  on  the  satura- 
tion curves,  as  these  curves  are  always  imreliable  at  very  high 
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densities.  In  estimating  the  20  per  cent  higher  point;  all  the  flux 
densities  throughout  the  magnetic  circuit  are  multiplied  by  1.2,  and 
the  corresponding  ampere  turns  for  each  part  are  taken  from  the 
appropriate  saturation  curve  for  the  material. 

When  high  densities  are  employed,  as  so  often  occurs,  especially  in 
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Fig.  60.—  Saturation  curves  for  3000  kva.  3-phase  750  R.P.M.  8-pole  50  cycle 
11,000  volt  alternator. 

the  armature  teeth,  the  upper  parts  of  the  saturation  curves  are  not 
reliable,  and  the  following  rough  rule  will  be  useful: 

For  wrought  iron,  stampings,  or  iron  or  steel  forgings,  for  densities 
above  1&,000  lines  per  square  centimetre,  the  percentage  increase 
in  ampere  turns  is  from  8  to  10  times  the  percentage  increase  in  flux 
density.  Thus  for  a  20  per  cent  increase  in  density  the  increase  in 
ampere  turns  will  be  8  to  10  times  20  per  cent,  i.e.  160  per  cent  to 
200  per  cent,  the  higher  value  going  with  the  higher  saturations. 

For  example,  let  us  take  the  armature  teeth  for  the  case  in  hand. 
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The  no  load  flux  density  in  the  teeth  for  6350  volts,  is  18,000,  and 
at  1.2  times  normal  voltage  ( =  7620  volts),  the  density  is  1.2  X  18,000 
=  21,600. 

The  ampere  turns  for  teeth  at  normal  voltage  are  540,  and  at  7620 
volts,  will  be  200  per  cent  greater,  as  the  saturation  is  very  high  and 
hence  the  ampere  turns  are  3  X  540  =  1620. 

m.  The  Ampere  Turns  for  the  increased  Magnetic  Leakage. 

The  third  component  of  the  additional  ampere  turns  is  required 
to  make  up  for  the  increased  magnetic  leakage  brought  about  by  the 
higher  magnetomotive  force  on  the  field  magnets.  An  estimation 
of  the  leakage  coeflScient  is  consequently  necessary. 

^,     ,    I  IE  •    X      useful  flux  +  leakage  flux 

The  leakage  coefficient  = tt"^ — ^^ 

useful  flux 

The  useful  'flux  is  the  flux  in  the  armature,  and  the  useful  flux  + 
the  leakage  flux  =  the  flux  in  the  magnet  cores  and  yoke. 
The  leakage  flux  is  approximately  equal  to 

C  X  ^  ^^  "^  ^^^  X   (Ampere  Turns  per  Field  Spool) 
a 

for  cores  of  rectangular  cross  section  and 

C  X  ^-^^  X  (Ampere  Turns  per  Field  Spool) 
a 

for  cores  of  circular  cross  section.    The  small  letters  represent  the 
dimensions  of  the  magnet  cores  as  in  Fig.  61.    C  is  a  factor  l3ring 

between  2.4  and  3.4,  the  higher  values 
applying  in  cases  where  the  sides  of 
the  poles  are  close  together  and 
more  nearly  parallel  with  one  another 
and  where  the  pole  tips  are  near 
together. 

In  high  speed  machines  with  few 
poles  which  are  far  apart  at  the  tips, 

Fia.61. — Alternator  magnet  cores.       ,,      ,  ^  .n  i  t^       ,i 

the  lower  figure  will  apply.  For  the 
case  through  which  we  are  working,  we  have  A  =  27,  a  «  20,  6  =»  140. 

No  load  ampere  turns  on  field  =  9200,  whence  leakage  flux  « 
4,600,000. 

The  useful  flux  required  in  the  armature  per  pole  at  unity  power 
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factor  is  34  megalines,  and  thus  the  leakage  coefficient  is  equal  to 

34  +  4.6      ,  - . 
-3^   =  ^•^*- 

At  the  excitation  necessary  for  normal  voltage  at  full  load  and  cos 
^  =  0.8  the  leakage  coeflBcient  is  considerably  greater  on  account  of 
the  greater  magnetomotive  force  on  the  field,  and  the  leakage  flux 
will  be  increased  in  proportion  to  the  field  excitation. 

In  the  case  under  consideration,  we  have  already  determined  the 
demagnetising  ampere  turns  and  the  ampere  turns  for  the  reactance 
voltage.  These  come  to  2400  +  280  =  2680.  As  these  constitute 
the  bulk  of  the  extra  ampere  turns,  we  may,  for  purposes  of  estimat- 
ing the  increased  leakage,  take  the  total  ampere  turns  at  full  load 
and  cos  ^  =  0.8  as  9200  +  2680  »  11,880,  and  at  this  excitation  the 
leakage  coeflScient  will  be 

The  extra  flux,  i.e.,  the  leakage  flux,  only  enters  into  the  pole  and 
yoke,  and  the  densities  in  these  parts  only  will  be  increased  in  the 
ratio  \^  (or  3.5  per  cent  increase)  and  extra  magnetomotive  force 
will  only  be  required  for  the  pole  and  yoke.  Hence  in  Fig.  60  we 
have  plotted  the  no  load  saturation  curve  for  the  poles  and  yoke 
separately. 

The  increase  of  3.5  per  cent  in  density,  corresponds  to  a  voltage 
increase  of  3.5  per  cent  of  6350  =  222  volts,  which  from  the  satura- 
tion curve  for  pole  and  yoke,  requires  300  extra  ampere  turns  (III). 

We  have  now  the  three  components  I,  II,  and  III.  The  total 
extra  field  ampere  turns  are  thus  2400  -f  280  +  300  =  2980.  The  no 
load  excitation  is  9200  ampere  turns,  and  thus  the  total  field  excita- 
tion required  to  maintain  a  normal  terminal  voltage  of  6350  volts  for 
rated  load  and  cos  (f)  =  0.8,  is  9200  +  2980  -  12,180  ampere  turns. 
This  gives  us  the  extreme  right  hand  point  marked  cos  (f)  =  0.8  on 
Fig.  60.  This  is  a  point  on  the  saturation  curve  for  full  load  at  cos  <l> 
=  0.8.  The  voltage  corresponding  to  this  excitation  at  no  load  is 
found  from  the  no  load  saturation  curve  to  be  7450  volts. 

To  this  should  be  added  the  ohmic  resistance  drop  which  is  /  X  /?  = 
158  X  0.126  -  20  volts,  brmging  the  total  up  to  7450  +  20  =  7470 

volts.    2^=7r  =  1.18,  consequently  the  inherent  regulation  at  0.8  power 
6350 

factor  is  equal  to  18  per  cent. 
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REGULATION  CALCULATIONS  FOR  FULL  LOAD  AT  UNTTT 
POWER  FACTOR. 

At  full  load  and  unity  power  factor,  the  conditions  are  as  repre- 
sented in  Fig.  58,  page  69.    We  have  ^  =  0  and  ^'  -  a  +  ^9. 

a  =  tan-^  —  =  tan"*  0.034  =2^. 
6350 

The  reactance  voltage  remains  equal  to  216  as  before,  and  the  vol- 
tage per  phase  is  equal  to  6350. 

The  angle  <f/  will  be  small  and  for  purposes  of  estimating  p  it  will 
be  sufficiently  accurate  to  take  cos  <f/  as  equal  to  1.0,  since  for  angles 
ranging  from  0  to  20  degrees  the  variation  in  the  cosine  does  not 
exceed  6  per  cent. 

The  distorting  ampere  turns  are  now  0.20  X  0.95  X  4740  X  1.0  = 
900  (see  p.  73).    The  air  gap  ampere  turns  are  8100,  whence, 

Hence  we  have  ^  =  2  4-  10  =  IT. 

The  demagnetising  ampere  turns  at  unity  power  factor  are 

0.75  X  0.95  X  4740  X  sin  W  (see  p.  73) 
=  0.75  X  0.95  X  4740  X  0.21 
=  720  ampere  turns  (I). 

As  the  reactance  voltage  is  in  quadrature  with  the  terminal  vol- 
tage and  consequently  has  no  component  in  phase  therewith,  no  extra 
field  ampere  turns  are  required  to  compensate  for  it.  There  will, 
however,  still  be  a  component  required  to  provide  for  the  increased 
leakage.  This  will  amount  to  about  200  ampere  turns  and  we  must 
take  it  into  account  in  estimating  the  increased  leakage  coeffi- 
cient. The  excitation  at  full  load  and  unity  power  factor  will  be 
approximately 

9200  +  720  +  200  =  10,120. 

The  increased  leakage  coefficient  for  this  excitation  will  be  approxi- 
mately 

This  gives  an  increase  in  flux  density  in  the  poles  and  yoke  of 
^^^  »  1.5  per  cent,  which  corresponds  to  an  increase  in  voltage  of 
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0.015  X  6350 = 84  volts.    From  the  saturation  curve  for  poles  and  yoke 
(Fig.  60)  we  find  that  this  requires  150  extra  ampere  turns  (III). 

The  total  extra  field  ampere  turns  are  thus  I  +  III  =  720  4-  150 
=»  870.  Adding  this  to  the  no  load  excitation  of  9200  ampere  turns 
we  find  that  10,070  ampere  turns  are  required  to  give  full  terminal 
voltage  at  full  load  and  unity  power  factor.  This  point  is  marked 
on  Fig.  60  and  is  a  point  on  the  full  load,  unity  power  factor,  satu- 
ration curve.  The  corresponding  voltage  on  the  no  load  satura- 
tion curve  for  an  excitation  of  10,070  ampere  turns  is  6750  volts. 

—-—r  =  1.063.     Consequently  at  full  load  and  unity  power  factor 
oo50 

the  inherent  regulation  is  6.3  per  cent. 

The  IR  drop  which  is  practically  in  phase  with  the  terminal  voltage 

and  which  amounts  to  20  volts  or  0.3  per  cent,  must  be  added  on. 

The  total  inherent  regulation  for  full  load  and  unity  power  factor  is 

thus  6.6  per  cent,  or  say  7  per  cent. 

THE  NO   LOAD  SATURATION   CtJRVE  AND  THE  SHORT-CIRCUn 
CHARACTERISTIC. 

The  regulation  is  closely  dependent  on  the  degree  of  saturation  of 
the  iron  parts  of  the  magnetic  circuit  and  on  the  short  circuit  charac- 
teristic. 

As  regards  the  former,  it  may  be  said  that  the  more  highly 
saturated  the  magnetic  circuit  the  closer  is  the  regulation.  The 
r^ulation  is  in  this  case  improved  by  virtually  bending  the  satura- 
tion curve  over,  i.e.,  by  working  the  iron  of  the  magnetic  circuit  very 
near  its  saturation  limits.  This  procedure  is  advantageous  in  that 
it  minimises  the  cross  section  of  the  magnetic  paths,  and  consequently 
the  total  weight  of  iron  in  the  machine.  Furthermore,  by  saturat- 
ing the  pole  cores  to  a  very  high  value,  the  mean  length  of  one  turn  of 
the  field  winding  is  minimised,  and  consequently  the  weight  of  the 
field  copper  is  reduced.  It  is  a  dangerous  plan,  however,  since  the 
material  of  the  magnets  (especially  if  cast)  may  turn  out  to  be  of 
inferior  quality.  Furthermore,  should  the  machine  be  called  upon 
to  run  at  a  voltage  appreciably  greater  than  the  normal  voltage, 
there  will  be  difficulty,  and  perhaps  impossibility,  of  getting  sufficient 
flux  through  the  machine  for  the  high  voltage,  no  matter  how  much 
the  excitation  is  increased.  The  excitation  regulation  is  also  very 
great. 
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With  r^ard  to  these  points,  it  is  best  practice  to  keep  within 
reasonable  flux  densities,  desirable  values  for  which  are  given  in 
Table  21,  page  113,  Chapter  VII- 

It  is  not  so  much  the  actual  ampere  turns  expended  on  the  iron, 
but  rather  the  proportion  which  they  bear  to  the  total  field  ampere 
turns,  or  the  ratio  of  iron  to  air  gap  ampere  turns,  which  is  of  chief 
importance.  The  use  of  extra  long  air  gaps  will  not  necessarily 
be  accompanied  by  a  corresponding  improvement  in  regulation;  it 
is  rather  a  matter  of  balance  between  the  magnetomotive  force  for 
the  air  gap  and  for  the  iron;  and  as  a  matter  of  fact,  in  average 
cases  at  normal  voltage,  the  ratio  of  iron  ampere  turns  to  air  gap 
ampere  turns  ranges  from  1:5  up  to  1:7,  i.e.,  the  air  gap  absorbs 
from  80  per  cent  to  90  per  cent  of  the  total  ampere  turns.  Such 
proportions  are  typical  of  a  normal  design  so  far  as  the  regulation 
and  the  value  of  the  short  circuit  current  are  concerned. 

The  short  circuit  current  in  the  armature  at  any  given  field  exci- 
tation is  of  such  a  value  that  the  armature  reactions  just  counter- 
balance the  field  excitation.  The  field  excitation  is  oflFset  by  the 
armature  demagnetisation  and  by  the  reactance  drop  in  the  arma- 
ture. The  short  circuit  characteristic  showing  the  relation  between 
the  field  ampere  turns  with  the  armature  current  (i.e.,  the  armature 
ampere  turns)  is  approximately  a  straight  line,  and  hence  the  short 
circuit  current  is  practically  proportional  to  the  ratio  of  the  field 
ampere  turns  per  pole  to  the  armature  ampere  turns  per  pole. 

A  "strong"  armature  is  one  in  which,  at  rated  load,  the  armatiu^ 
ampere  turns  are  large  in  proportion  to  the  field  ampere  turns. 
Conversely  a  "weak"  armature  is  one  in  which,  at  rated  load,  the 
field  ampere  turns  are  large  compared  with  the  armature  ampere 
turns. 

The  voltage  regulation  will  of  course  be  closer  the  less  the  armature 
demagnetisation,  and  as  this  depends  for  a  given  rating  or  current 
on  the  number  of  armature  turns  it  may  in  general  be  said  that 
the  regulation  with  "strong"  armatures  is  usually  not  so  good  as 
with  "weak"  armatures.  Apart  from  the  degree  of  saturation  of 
the  magnetic  circuit,  the  regulation  depends  chiefly  on  the  ratio  of 
the  field  ampere  turns  to  the  armature  strength.  We  have  already 
seen  that  the  fewer  the  poles  the  less  is  the  proportion  of  the  field 
ampere  turns  which  can  be  expended  on  the  iron  parts,  and  conse- 
quently in  these  cases  the  field  must  be  relatively  stronger. 
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This  is  a  point  where  we  have  two  opposing  tendencies  in  high 
speed  alternator  designs.  A  small  number  of  poles  is  associated  with 
high  speeds,  and  in  order  to  avoid  excessive  peripheral  speeds,  small 
diameters  are  necessary.  This  circumstance  involves  a  very  restricted 
amount  of  space  available  for  the  field  copper,  whereas  on  account 
of  the  few  poles  and  low  saturation  component  a  large  amount  of 
field  copper  is  required  in  this  constrained  space. 

The  outcome  is  either  that  the  regulation  is  poor,  or  the  field  wind- 
ings are  liable  to  run  excessively  hot.  These  points  are  especially 
emphasised  in  the  case  of  bipolar  alternators,  as  will  be  noted  from 
the  test  results  for  regulation  of  a  500  kva.  bipolar  alternator,  which 
are  recorded  in  Chapter  VIII,  page  152. 

If  the  magnetic  circuit  is  not  saturated,  the  regulation  can  be  con- 
siderably improved  by  increasing  the  radial  depth  of  the  air  gap,  as 
will  be  seen  from  Mg.  62.    Since 
the  iron  saturation  component  is 
small,  we  may  treat  the  satura- 
tion curve  as  a  straight  line. 

1.  Suppose  with  a  certain 
length  of  gap,  the  excitation  is 
VA  for  normal  voltage,  and  that 
Aa  is  the  armature  demagne- 
tisation.   Then  the  regulation  is 

ab       , .  ,  .    Aa 

QY^  which  equals  y^. 

2.  Now  if  the  radial  depth  of 
gap  is  increased  by  50  per  cent, 
then  the  excitation  is  VB  =  1.5  X  FA.     For  the  same  armature 

n  h  7?/f 

demagnetisation  we  have  Aa  =  J5a„  and  the  regulation  isp^  =  ^r^. 

Or  VB 

Aa 
The  regulation  is  thus  equal  to  — — =r-T ,  which  is  33  per  cent  less 

l.O  X   V A 

than  in  the  first  case. 

3.  If,  now,  the  gap  is  increased  by  100  per  cent  over  its  original 
value,  then  VC  =  2VA,  and  for  same  demagnetising,  Ca^  «  Aa,  the 
regulation  is 

ajb^  _  Caj^  _  Aa 
OV  ^  VC^  2VA' 

which  is  one-half  the  value  obtained  in  the  first  case. 


A.T. 


Fig.  62.  —  Straight  line  saturation  curves. 
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The  regulation  is,  for  the  three  cases,  proportional  to  the  figures 
100, 66,  and  50  for  air  gaps  of  radial  depths  proportional  to  1, 1.5,  and 
2,  i.e.,  the  product  of  regulation  X  length  of  gap  is  a  constant. 
Hence,  if  there  were  no  ampere  turns  expended  on  the  iron  in  the 
circuit,  the  regulation  would  be  inversely  as  the  radial  depth  of  air 

gap- 
In  turbo-alternators  with  few  poles,  especially  with  bipolars,  the 
air  gap  often  accounts  for  a  proportion  of  the  field  ampere  turns  con- 
siderably greater  than  90  per  cent,  and  to  such  cases  the  above  ob- 
servations more  pertinently  apply. 

If,  however,  the  iron  is  saturated  up  to  the  highest  practicable 
value,  the  machine  saturation  curve  bends  over  rapidly  and  becomes 
nearly  flat,  and  this  feature  renders  the  regulation  more  independent 
of  the  radial  depth  of  the  air  gap. 

The  less  the  iron  is  saturated,  the  more  will  the  regulation  be 
improved  by  increasing  the  radial  depth  of  the  air  gap  (and  the  air 
gap  ampere  turns).  Beyond  a  certain  limit,  however,  any  further 
increase  in  the  air  gap  improves  the  regulation  only  slightly.  This 
is  illustrated  in  the  curves  of  Figs.  63-65,  which  relate  to  a  6000  kva. 
3-phase  6-pole  37.5  cycle  750  R.P.M.  alternator,  of  which  further  data 
are  given  on  page  201,  Chapter  X. 

The  excitation  data  for  this  machine  as  a  normal  design  are  as 
follows: 

Radial  depth  of  air  gap 2.0  cms 

Armature  strength  -  ampere  turns  per  pole  for  all  phases 8500 

Field  ampere  turns  per  pole  at  no  load  and  normal  voltage     ....  16,600 

Air  gap  ampere  turns 14,400 

Iron  ampere  turns 2200 

Air  gap  ampere  turns  in  per  cent  of  total 87% 

Iron  ampere  turns  in  per  cent  of  total      13% 

Ratio  of  field  ampere  turns  to  armature  ampere  turns 1.95 

Short  circuit  current  in  terms  of  full  load  current 2.4 

Field  ampere  turns  at  full  load  cos  ^  =  1.0 17,600 

Field  ampere  turns  at  full  load  cos  ^  =  0.8 22,000 

Voltage  regulation  at  cos  ^  «  1.0 3.7% 

Voltage  regulation  at  cos  ^  ■=  0.8 16.4% 

The  no  load  saturation  curve  is  drawn  in  Fig.  63  and  is  marked  curve 
D.  The  corresponding  field  excitations  for  full  load  at  power  factors 
of  1.0  and  0.8  have  been  marked  by  points  D.    On  the  same  sheet, 
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similar  curves  and  points  are  shown  for  various  depths  of  air  gap 
ranging  from  0.5  centimetres  to  3.0  centimetres,  marked  A,  B,  C,  D,  E, 
and  F.  The  extra  field  ampere  turns  to  counteract  the  armature 
reaction  have  been  taken  the  same  in  each  case,  and  adding  these 
on  to  the  no  load  ampere  turns  gives  the  corresponding  points  for 
full  load  excitation.    The  regulation  is  now  readily  obtained  for 
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Fig.  64. —  Curves  showing  relation  between  regulation  and  relative  proportions  of 
air  gap  and  iron  ampere  turns  for  a  6000  kva.  alternator. 


each  point,  and  corresponding  to  each  of  the  different  air  gap 
depths. 

In  Table  14  are  set  forth  the  values  of  the  regulation  for  each  of 
the  different  air  gap  depths,  and  corresponding  to  the  other  quanti- 
ties mentioned  above. 

These  results  are  plotted  in  the  curves  of  Figs.  64  and  65.  Fig. 
64  shows  the  regulation  plotted  against  the  no  load  field  ampere 
turns,  and  the  ratio  of  field  to  armature  ampere  turns.    There  are 
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also  added  scales  for  the  length  of  air  gap  and  the  short  circuit  current 
which  are  obtained  from  the  table  above. 

Beyond  the  line  marked  "normal  design,"  which  corresponds  to 
the  design  as  carried  out,  the  improvement  in  regulation  is  but  slight, 
as  the  curves  are  becoming  flat. 

In  Fig.  65  the  regulation  is  plotted  against  the  air  gap  and  iron 
ampere  turns  in  per  cent  of  the  total  field  ampere  turns.  These  per- 
centages vary  with  the  varying  length  of  air  gap.    Curves  as  in  Fig. 


Iron  Ampere  Tuma  as  a  Peroentage  of  Total 
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Air  Gap  Ampere  Turns  as  a  Percentage  of  l^otal^ 
Field  Ampere  Tarns  at  Normal  Voltage  and  No  Load, 


Fig.  65.  —  Curves  showing  relation  between  field  excitation  radial  depth  of  air  gap 
short  circuit  current  and  regulation  for  6000  kva.  alternator. 


65  might  be  also  plotted  for  a  constant  air  gap  depth  and  varying 
iron  ampere  turns,  i.e.,  varying  the  degree  of  saturation  of  the 
magnetic  circuit. 

The  range  of  values  for  the  regulation  is  not  wide,  as  the  iron  is 
fairly  highly  saturated,  and  the  saturation  curves  are  bending  over. 
Thus  doubling  the  radial  depth  of  gap  from  1  centimetre  to  2  centi- 
metres changes  the  regulation  at  0.8  power  factor  only  from  19.4  to 
16.4,  or  a  decrease  of  only  16  per  cent. 
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Let  us  compare  this  with  the  case  of  Fig,  62,  where  there  are 
supposed  to  be  no  ampere  turns  expended  on  the  iron,  and  where, 
consequently,  the  saturation  curve  is  a  straight  line.  In  this  case, 
it  was  found  that  doubling  the  depth  of  the  gap  halved  the  regula- 
tion, i.e.,  decrea^  it  by  50  per  cent,  which  is  a  good  contrast  to  the 
previous  case  as  emphasising  the  effect  of  saturating  the  iron. 
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CHAPTER  VI. 

GENERAL  CONSIDERATIONS  RELATING  TO  THE  INFLUENCE 

OF  THE  RATED  OUTPUT  AND  SPEED  ON  THE  DESIGN 

OF  ALTERNATING  CURRENT  GENERATORS. 

The  general  influence  of  the  rated  speed  on  the  average  value  of 
the  output  coefficient,  f ,  has  been  considered  in  Chapter  II,  and  it 
was  then  stated  that  high  speeds  do  not  permit  of  such  high  values 
for  f  as  may  be  employed  in  the  design  of  low  speed  machines  for 
the  same  rated  output.  The  difference  in  $  between  a  high  and  low 
speed  design  for  a  given  rated  output  is,  however,  not  great,  and 
if  for  the  moment  we  consider  f  to  have  a  uniform  value,  it  follows 
that  for  a  given  rating,  the  volume  of  the  armature  (D^ig)  must  be 
inversely  proportional  to  the  speed  {R).  Since  the  total  weight  of  the 
machine  is  a  function  of  (but  not  directly  proportional  to)  D^ig,  as 
we  have  seen  in  Chapter  II,  Figs,  15  and  16,  and  since,  further,  the 
Total  Works  Cost  is  roughly  proportional  to  the  total  weight,  it  follows 
that  the  machine  would  be  lighter  and  cheaper  the  higher  the  speed. 

Let  us,  however,  make  a  rough  preliminary  examination  of  the 
influence  of  the  speed  on  the  qualities  of  the  machine.  In  the  case 
of  alternators  the  two  quantities  which  chiefly  define  the  degree  of 
excellence  of  the  machine  are: 

1.  Temperature  rise, 

2.  Pressure  regulation. 

With  continuous  current  machines  the  chief  considerations  are 

1.  Temperature  rise, 

2.  Commutation. 

Values  for  these  quantities,  as  also  for  the  efficiency,  are  generally 
specified  in  any  particular  case.  The  practicable  efficiency,  however, 
is  closely  associated  with  the  thermal  limitations,  and  both  of  these 
are  dependent  on  the  losses  in  the  machine.  Thus  the  efficiency  is 
generally  brought  within  its  specified  limits  when  the  prescribed 
temperature  rise  is  not  exceeded. 


INFLUENCE  OF  RATED  OUTPUT  AND  SPEED. 


89 


The  subject  of  temperature  rise  and  its  estimation  has  been  con- 
sidered in  Chapter  III.  For  our  present  purposes  we  may  take  the 
temperature  rise  as  depending  roughly  on  two  quantities  —  the  watts 
lost  in  the  machine  per  unit  of  surface  at  the  air  gap,  and  the  watts 
lost  per  unit  weight  of  the  material  in  which  the  losses  occur  (i.e.,  the 
electromagnetically  active  or  effective  material),  or  per  unit  of  weight 
of  the  total  mass  of  the  whole  machine.  In  any  one  class  of  machine, 
the  electromagnetically  active  material  may  be  taken  as  constituting 
a  fairly  constant  proportion  of  the  total  weight,  and  hence  it  matters 
but  little  when  the  comparisons  are  relative,  whether  we  express 
the  loss  in  terms  of  the  watts  per  ton  (or  kg.)  of  effective  material, 
or  as  the  watts  per  ton  (or  kg.)  of  total  weight  of  the  machine. 

We  have  seen  that  with  high  speed  machines,  the  dimensions  are 
relatively  small,  but  that  the  total  losses  for  customary  values  of  the 
eflSciency  (since  the  efficiency  is  of  about  the  same  value  for  high  and 
low  machines)  will  be  much  the  same  for  a  machine  of  a  given  rated 
output,  for  any  rated  speed.  Hence  with  high  speed  machines,  the 
watts  lost  per  unit  of  air  gap  surface  and  per  unit  weight  of  machine 
are  much  higher  with  a  high  speed  than  with  a  low  speed  machine. 
By  way  of  illustration  we  may  refer  to  the  two  alternators  of  which 
data  are  tabulated  in  parallel  columns  on  pages  95-98  of  this  chapter. 

For  these  two  machines  the  following  data  illustrate  the  above 
statements: 


Rated  output  in  kva 

Rated  speed  in  RJP.M 

Efficiency  at  full  load  and  with  (cos^  =0.8) 

Total  of  all  losses  in  the  machines  in  watts 

Weight  of  effective  material  —  tons      

Air  gap  surface  in  sq.  dcms.  {izDXg) 

Watts  lost  per  sq.  dcm.  of  air  gap  surface  (reckoned  on  total 

losses) 

Watts  lost  per  kg.  of  effective  material 

Peripheral  speed  —  metres  per  second 

D^Xg  (cubic  metres) 


1375 

1500 

94 

zooo 

96% 

96.6% 

55,000 

53,000 

30.6 

9.2 

770 

392 

71 

135 

1.8 

5.8 

24.5 

63 

8.0 

0.9 

The  above  comparison  is  for  machines  of  practically  the  same 
rating,  the  one  designed  for  direct  connection  to  a  slow  speed  engine 
running  at  94  R.P.M.,  and  the  other  designed  to  be  coupled  to  a  steam 
turbme  at  a  speed  of  1000  R.P.M. 

The  speeds  of  the  two  machines  are  about  as  10  : 1,  and  the  values 
of  lyig  are  about  as  1  : 9.    The  weight  of  effective  material  in  the 
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low  speed  machine  is  about  3.3  times  that  of  the  high  speed  machine; 
the  total  losses  are  practically  the  same  for  both  machines. 

Thus,  although  the  high  speed  machine  has  only  some  one-third 
as  much  effective  material  as  the  low  speed  machine,  there  is  gener- 
ated in  it  just  about  the  same  total  amount  of  heat.  This  is  a  typical 
comparison  between  high  and  low  speed  machines.  It  is  not  desirable 
to  increase  the  dimensions  of  the  high  speed  machine,  in  order  to 
decrease  the  losses  per  unit  of  weight  and  of  radiating  surface,  as  this 
procedure  would  lead  to  increased  weight  and  cost,  and  increased 
mechanical  stresses. 

Thus,  if  we  are  to  keep  within  the  same  limits  of  temperature  rise  in 
the  two  cases,  the  designs  must  possess  features  insuring  that  the  ther- 
mal emissivity  per  unit  of  surface  shall  be  proportional  to  the  rated 
speed.  The  designer  does  not  consciously  set  himself  the  problem  in 
just  this  way,  but  it  is  nevertheless  fairly  expressed  in  these  words. 

It  is  for  these  reasons  that  high  speed  machines  call  for  very  liberal 
provision  for  ventilation,  and  great  attention  must  be  paid  to  sys- 
tematic ventilating,  as  we  shall  see  subsequently  in  considering 
the  ventilating  designs  employed  in  various  machines.  Increase  in  the 
rated  speed  augments  the  difficulty  in  dissipating  the  heat  due  to  the 
losses,  and  consequently  there  is  need  for  providing  very  liberal  means 
for  ventilation.  The  problem  is  to  a  certain  extent  simplified  owing 
to  the  increase  in  the  velocity  of  the  cooling  air  through  the  machine 
under  the  influence  of  the  high  centrifugal  forces  in  high  speed 
machines.  As  a  case  in  point,  the  peripheral  speeds  of  the  two 
machines  noted  above  are  respectively  24.5  and  63  metres  per  second. 

It  will  also  be  noted  that  the  high  speed  machine  is  provided  with 
7  ventilating  ducts,  each  with  a  width  of  1.27  centimetres,  while 
this  particular  low  speed  design  is  not  provided  with  ducts.  The 
ratio  of  the  armature  net  core  length  ^  to  the  gross  core  length  Xg 
is  76  per  cent  and  95  per  cent  in  the  two  cases.  Thus  in  the  high 
speed  machine  about  16  per  cent  of  the  armature  gross  core  length 
is  taken  up  by  ventilating  spaces.  The  latter  figure  is,  however, 
usually  greatly  exceeded  in  high  speed  machines. 

Thus,  so  far  as  heating  is  concerned,  high  speeds  are  not  necessarily 
detrimental.  The  second  limitation  is  pressure  regulation,  to  which 
we  must  allude  in  a  general  manner  at  this  point.  It  has  been 
dealt  with  at  greater  length  in  Chapter  V.  The  inherent  regulation 
of  an  alternator  is  defined  as  the  percentage  by  which  the  terminal 
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voltage  rises  when  the  load  is  decreased  from  rated  load  to  no  load, 
the  speed  and  the  field  excitation  remaining  constant  at  the  normal 
value  for  rated  load. 

This  rise  in  voltage  is  dependent  on  the  number  of  extra  ampere 
turns  necessary  on  the  field  to  maintain  normal  terminal  voltage 
when  the  machine  is  operated  at  its  rated  load.  As  we  have  seen  in 
Chapter  V  the  total  excitation  at  rated  load  is  made  up  of  three 
components. 

The  first  provides  a  number  of  ampere  turns  in  excess  of  the 
field  ampere  turns  required  at  no  load  for  normal  terminal  voltage. 
This  number  of  ampere  turns  is  required  for  offsetting  the  armature 
demagnetisation  D,  in  order  to  maintain  normal  terminal  voltage  at 
rated  load.  The  second  component  provides  a  further  number  of 
ampere  turns  sufficient  to  produce  in  the  armature  a  voltage  suffi- 
cient to  offset  the  resistance  drop  in  the  armature  winding  and  the 
component  of  the  inductive  drop  which  is  in  phase  with  the  term- 
inal voltage.  The  third  component  provides  a  number  of  ampere 
turns  sufficient  to  oflFset  the  increased  flux  densities  in  the  magnets 
due  to  increased  leakage  when  the  magnets  are  heavily  excited. 

Coming  now  to  an  examination  of  the  extent  to  which  the  inherent 
regulation  is  a  function  of  the  rated  sj)eed,  we  have  to  consider  the 
armature  demagnetising  ampere  turns  and  their  relative  magnitude 
as  compared  with  the  field  ampere  turns.  In  high  speed  designs  the 
number  of  poles  is  small,  being  fixed  by  the  speed  and  frequency, 
and  thus  the  pole  pitch  and  the  length  of  the  pole  arc  are  large. 
Hence  the  magnetic  flux  per  pole  is  great;  in  fact,  usually  as  great 
as  can  be  got  through  the  machine  without  resorting  to  excessive 
flux  densities.*  The  largest  dimensions  available  for  the  magnet  core 
are  determined  by  laying  out  the  armature  diameter  and  length,  and 
these  dimensions  must  be  made  as  small  as  is  consistent  with  the 
heating  limit.  This  is  not  done  from  motives  of  economy  in  material, 
but  rather  from  considerations  of  mechanical  design. 

Thus,  in  comparison  with  low  speed  machines,  the  number  of 
armature  turns  per  phase  requisite  to  give  the  specified  voltage  are 
relatively  small,  and  the  armature  strength  is  low.  Hence  the 
armature  is  of  lower  inductance,  as  also  for  the  reason  that  the  wind- 
ings are  highly  subdivided  and  are  distributed  over  a  large  polar  pitch. 

*  The  flux  per  pole  in  high  speed  alternators  of  lai^  capacity  runs  into  values 
ajB  high  as  50  megalines. 
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The  number  of  slots  per  pole  per  phase  is  large  in  turbo-alternators, 
ranging  from  three  to  nine  or  more.  This  is  in  consequence  of  the 
small  number  of  poles  and  of  the  desirability  of  keeping  reasonable 
values  for  slot  pitch  and  for  width  of  slots  and  teeth.  Hence  the  in- 
ternal angle  of  lag  of  the  current,  due  to  armature  inductance,  is 
small.  In  cases  where  the  field  winding  is  distributed  in  slots, 
this  internal  angle  of  lag  is  further  reduced,  as  the  distorting  effect 
exerted  on  the  flux  by  the  armature  ampere  turns  is  less  marked. 

As  regards  magnetic  leakage,  it  may  be  said  that  the  leakage  co- 
efficients for  high  speed  machines  are  usually  smaller  than  for  low 
speed  machines  of  the  same  rated  output,  as  the  sides  of  the  poles  are 
much  farther  apart  in  the  former  case,  and  consequently  in  this 
respect  the  high  speed  machine  is  better. 

By  way  of  illustration  we  have  tabulated  below  some  of  the  lead- 
ing data  for  the  two  machines  already  mentioned: 


Rated  output  in  kva. 

Speed  in  R.P.M 

Number  of  poles 

Flux  per  pole  in  megalines 

Total  flux  crossing  the  gap  from  all  poles  . .  .  . 
Armature  strength  in  ampere  turns  per  pole  .  . 
Ampere  conductors  per  centimetre  of  periphery 

Number  of  slots  per  pole 

Number  of  slots  per  pole  per  phasa 

Leakage  coefficient  (calculatea) 


From  the  above  considerations  it  would  seem  that  the  use  of  high 
speeds  should  effect  improvements  in  the  regulating  qualities, 
but  these  influences  do  not  suffice  to  permit  of  designs  with  abnor- 
maUy  close  regulation.  Nor  is  such  very  close  regulation  justified 
in  ordinary  cases,  as  it  would  require  a  large  expenditure  for  field 
copper,  or  for  "weak"  armatures,  or  both,  and  low  output  coefficients. 
Further,  the  *' short  circuit  current"  of  such  machines  is  large  com- 
pared with  the  full  load  current,  and  they  are  consequently  un- 
desirable from  the  point  of  view  of  protection  against  heavy  currents 
on  the  occurrence  of  short  circuits. 

From  this  preliminary  survey  with  particular  reference  to  con- 
siderations of  temperature  rise  and  regulation,  it  appears  that  high 
speeds  are  not  unfavourable,  and  as  the  commutation  limit  is  not 
involved,  it  would  at  first  seem  that  each  increase  in  the  rated  speed 
would  result  in  a  corresponding  diminution  in  weight.    Theoretically 
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this  should  be  so;  but  we  have  studied  the  matter  from  a  number  of 
designs  worked  out  in  Chapters  VIII,  IX  and  X,  and  have  shown  very 
conclusively  that  beyond  a  certain  moderately  high  speed,  the  con- 
sequences of  a  further  increase  in  the  rated  speed  are  not  favourable 
as  regards  either  cost  or  quality. 

This  very  interesting  conclusion  confirms  that  reached  by  Behrend,* 
who  has  investigated  a  number  of  1000  kw.  generators  for  various 
rated  speeds.  Behrend's  curve  is  shown  in  Fig.  66,  and  indicates 
that  the  weight  of  a  1000  kw.  3-phase  25-cycle  alternator  has 
already  passed  the  minimum  value  at  a  speed  of  1000  R.P.M.,  and 
that  the  weight  at  1500  R.P.M.  is  as  much  as  that  at  250  R.P.M. 
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Fig.  66. —  Behrend's  curve,  showing  comparative  weights  of  1000  kw.  3-pha8e  25- 
cycle  generators  at  different  rated  speeds. 


This  result  related  to  several  machines  designed  and  built  by  the 
same  firm. 

The  1500  R.P.M.  machine  for  25  cycles  has  2  poles,  and  we  shall 
see  in  Chapter  VIII  that  2-pole  designs  are  not  so  good  as  designs  for 
equally  high  speeds  but  with  a  greater  number  of  poles. 

The  problems  arising  in  the  design  of  a  2-pole  machine  are  exceed- 
ingly diflBcult.  The  most  economical  speed  for  1000  kw.  appears 
from  Fig.  66,  to  be  900  R.P.M.,  which  is  nearer  the  speed  corre- 
sponding to  a  4-pole  design  (750  R.P.M.) ,  and  leads  to  a  much 
more  favourable  result  than  is  practicable  with  two  poles. 

♦  Electrical  Review,  New  York,  Vol.  45,  pp.  37&-378  (1904). 
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We  thus  see  that  the  speed  for  minimum  weight  is  considerably 
lower  than  the  speeds  of  steam  turbines  of  corresponding  outputs 
(see  Fig.  1  on  p.  3) ;  nevertheless,  customary  steam  turbine  speeds 
are  much  more  favourable  to  alternators  than  to  continuous  current 
generators, 

Behrend's  curve  also  supports  the  statement  made  in  the  intro- 
ductory chapter  that  ''  when  not  carried  to  excess  the  higher  the 
speed  in  revolutions  per  minute,  the  more  satisfactory  will  be  the 
results  which  may  be  obtained  in  designing  alternating  current 
dynamo  electric  machinery.' ' 

The  following  specifications  for  the  two  machines  already  referred  to, 
afford  a  typical  comparison  in  further  respects  as  between  a  high 
speed  and  a  low  speed  design  for  about  the  same  rating.  Drawings 
of  these  two  machines  are  given  in  Figs.  67  and  68. 


SPECIFICATION  FOR  TWO  ALTERNATING  CURRENT  GENE- 
RATORS—LOW SPEED  AND  HIGH  SPEED. 

J  (  1375  kva.  3  phase  64  pole 

^*  (     94R.P.M.  60  cycles  5500  volt 


B. 


1500  kva.  3  phase  6  pole 

ioooR.P.tf.  50  cycles  11,000  volt 


A  B 

Output  in  kva.  (Power  Factor  -  1.0) 1375  1500 

Terminal  voltage 5500  11,000 

Style  of  connection Y  Y 

Current  per  terminal 181  100 

Speed  R.P.M 94  1000 

Frequency 50  50 

No.  of  poles 64  6 


Armature  Iron 

AU  dimensions  in  cms. 

Diameter  at  air  gap  (Z>) 

External  diameter  of  laminations 

Gross  length  between  core  heads  {Xg)     .... 

No.  of  ventilating  ducts 

Width  of  each  duct 

Effective  core  length  (iron)  {Xn)  ....... 


500 

122 

548 

190 

32 

58.2 

None 

7 

None 

1.27 

28.8 

44.6 
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Slots  and  Teeth 

Total  number  of  slots 192  54 

Slot  pitch  at  armature  face 8.15  7.1 

Width  of  slot 2.45  3.68 

Width  of  tooth  at  armature  face 5.7  3.42 

Radial  depth  of  slot 7.25  8 

Armature  Copper 

No.  of  slots  per  pole  per  phase 1  3 

No.  of  conductors  per  slot 11  18 

Section  of  conductor 0.454  0.303 

Current  density  —  amperes  per  sq.  cm 400  330 

Dimensions  of  conductors  bare 4  of  0 .  38  dia.    0 .  436  XO .  872 

Number  of  turns  in  series  per  phase 352  162 

Rotor  Iron 

Diameter  at  pole  face 499.1  120 

Length  of  air  gap  (mean) 0.45  1.45 

Pole  pitch  at  air  gap 24.4  62.8 

Ratio  pole  arc  /  pole  pitch 0.57  0.66 

Gross  axial  length  (parallel  to  shaft) 30  55.2 

Breadth  of  pole  body  across  shaft 11  25.4 

Field  Copper 

No.  of  turns  per  pole 54  300 

Width  of  strip ...  2.54 

Thickness  of  strip ...  0.09 

Diameter  of  wire 1.1 

Total  cross  section  of  winding  space  per  pole    .  120  97.2 

Length  of  winding  space 30  16.2 

Depth  of  winding  space 4  6 

Current  density  (amperes  per  sq.  cm.)     ....  134  236 

Magnetic  Data 

Armature  flux  per  pole      4.06  18.4 

Leakage  coeflicient  (calculated  at  no  load)    .    .  1.23  1.15 

Flux  in  the  pole  core 5.0  21.2 

Magnetic  Densities 

Armature 4410  7900 

Teeth 12,500  16,500 

Pole  core 15,100  15,800 

Yoke 3560  12,600 

At  pole  face 11,000  7900 

Mean  density  in  air  gap 11,900  8100 
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Armature  Copper 

Mean  length  of  turn      162 

Resistance  per  phase  at  60^  C. « 0.29 

Total  PR  loss,  cos  ^  -  1 18,000 

Total  PR  loss,  cos  *  -  0.8 28,000 

Armature  Iran 

Watts  per  kg 2.15 

Total  core  loss 12,300 

Teeth 

Watts  per  kg 17.2 

Total  tooth  loss 3500 

Totalironloss 15,800 

Iron  loss  +  copper  loss  (cos  ^    —  1)  .   .    .   .  33,800 

Iron  loss  +  copper  loss  (cos  ^  —  0.8)     .    .   .  43,800 
Watts    per    sq.    cm.    of    armature    siuface 

cos  ^  =  1 44 

Watts    per    sq.    cm.    of    armature    surface 

cos  ^  -  0.8 57 

Field  Copper 

Power  for  excitation  at  full  load  cos  ^  —  1 .  6300 

Power  for  excitation  at  full  load  cos  4>  "  0.8.  11,000 
Watts  per  sq.  dcm.  of  external  surface  of 

field  spool  cos  ^  "0.8 5.4 

EFnaENCY 

cos^  -  1 97.2 

cos  ^  -  0.8 96.0 

Regulation 

Inherent  regulation  at  normal   current  and 

power  factor  —  1.0 5% 

At  normal  current  and  power  factor  «  0.8    .  14% 

CONBTANTS  AND  COEPPICIENTS 

Weight  of  effective  material 30,570 

Weight  of  effective  material  —  kgs.  per  kva.    .  22.2 

Cost  of  effective  material,  dollars 21,421 

Ck)8t  of  effective  material  —  $  per  kva 3.9 

D»i^  (cubic  decimetres) 8.0 

Output  coefficient  ^ 1.83 

Ratio  V^ 1-31 


364 

0.39 

7400 

11,600 

6.85 
30,500 


30 

2080 

32,600 

40,000 

44,200 

102 

113 


4500 
8700 

75.5 


97.1 
96.6 


oyo 
18% 


9220 
6.15 
6350 
1.06 
0.87 
1.725 
0.926 
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CJONSTANTS  AND  COEFFICIENTS  —  Continued 

Ra,tio  D/Xg 17.1  3.28 

Ampere  conductors  per  cm.  of  periphery  (a)    .  195  202 

Flux  per  sq.  cm.  of  armature  surface  (fi)».   .    .  5180  •  4940 

Peripheral  speed « 24.5  63 

Watts  per  c. cm.  of  active  belt      3.78  8.45 

Ratio  of  field  ampere  turns  to  armature  ampere 

turns : '2.7  1.72 

Kva.  per  pole 27  313 

Weights  in  Kgs. 

Magnet  cores 4900  1680 

Magnet  yoke    . 13,800  1230 

Armature  laminations 7800  5150 

Effective  iron,  total 26,500  8060 

Armature  copper 890  450 

Field  copper 3200  710 

Eflfective  copper,  total 4090  1160 

Total  weight  of  effective  material 30,570  9220 

Costs  of  Effective  Material  (dollars) 

Magnet  cores 613  210 

Magnet  yoke 1725  155 

Armature  laminations 972  645 

Eflfective  iron,  total 3310  1010 

Armature  copper 445  225 

Field  copper 1600  355 


Eflfective  copper,  total 2045  580 

Total  cost  of  eflfective  material 5355  1590 

The  kva.  per  pole  for  the  low  (A)  and  high  (B)  speed  are  respec- 
tively 27  and  313,  and  the  "armature  strengths"  2400  and  6500 
ampere  turns.  The  radial  depths  of  the  air  gaps  are  roughly  in  pro- 
portion to  the  armature  strengths,  and  are  0.45  and  1.48  centimetres 
respectively. 

The  output  coefficient  for  A  is  rather  greater  than  for  B.   The 
values  of  LPXg  are  8.0  X  10*  and  0.9  X  10*  respectively. 

The  analysis  of  the  weights  and  costs  of  the  active  material  shows 
that  A  contains  22J2  kgs.  per  kva.  as  against  -B's,  6.15.    The  total 
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weight  of  A  is  thus  about  3^  times  as  great  as  that  of  B.  The  distri- 
bution of  weight  and  cost  among  the  individual  parts  of  the  machine 
does  not  differ  widely  in  the  two  cases,  as  will  be  seen  in  the  following 
table  where  the  weights  and  costs  of  the  iron  and  copper  are  shown 
as  percentages  of  the  total  active  material.  The  chief  difference  is 
in  the  disposition  of  the  iron.  In  the  slow  speed  generator,  the  arma- 
ture laminations  account  for  25  per  cent,  and  the  magnet  yoke  for 
45  per  cent,  while  in  the  high  speed  generator  the  armature  lami- 
nations account  for  56  per  cent,  and  the  yoke  for  only  13  per  cent. 


TABLE    15. 

Percentaoe  Weights  and  Costs  op  High  and  Low  Speed  Alternators. 


Speed,  R.P.M 

Magnet  cores     .... 

Magnet  yoke 

Annature  laminations  . 

Effective  iron — total  . 
Annature  copper  .  .  . 
Field  copper 

Effective  copper — total 
Total  effective  material 


Weights. 


Costs. 


94 


16.0 
45.0 
25.4 

86.6 

2.9 

10.5 

13.4 
100% 


18.2 
13.2 
56.0 

87.4 
4.9 

7.7 

12.6 
100% 


11.4 
32.3 
18.2 

61.9 

8.3 

29.8 

38.1 
100% 


13.3 

9.7 

40.5 

63.5 
14.1 
22.4 

36.5 

100% 


It  is  evident  from  the  drawings,  Figs.  67  and  68,  that  this  is  due 
to  the  concentration  of  the  yoke  at  the  shaft  and  the  great  radial 
depth  of  stampings  below  the  armature  slots  in  the  high  speed  gen- 
erator. Apart  from  the  effective  material,  it  must  be  remembered  that 
the  low  speed  flywheel  generator  has  a  far  larger  amount  of  non- 
effective material  in  the  large  spider  arms  for  the  magnet  wheel,  and 
in  metal  for  the  stator  frame. 

The  "weight  factor"  defined  in  Chapter  II  as  the  ratio  of  total 
weight  of  generator  to  weight  of  effective  material  is  for  these  two 
cases  2.5  and  1.8,  the  total  weights  being  75  and  16.5  tons. 

In  addition  to  the  material  charges,  there  are  also  heavy  labour 
charges  associated  with  the  large  diameter  of  the  flywheel  generator. 

By  way  of  further  illustration  of  the  characteristic  features  of 
high  speed  alternators,  there  are  brought  together  in  Table  16  the 
leading  data  for  30  alternators  of  ratings  ranging  from  80  kva.  to 
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7500  kva.,  and  with  speeds  ranging  from  3000  R.P.M.  down  to  300 
R.P.M.,  speeds  toward  the  lower  limit  having  been  included  as  typical 
of  designs  for  machines  driven  by  water  tm-bines. 

Excluding  the  machines  of  the  lowest  speeds,  it  is  seen  that  the 
number  of  poles  ranges  from  2  to  8;  in  consequence,  the  length  of 
the  pole  pitch  reaches  values  as  high  as  100  centimetres,  and  in  the 
case  of  No.  XXVIII,  135  centimetres,  as  compared  with  the  range 
of  15  to  30  centimetres  which  is  usual  for  the  pole  pitch  of  very  low 
speed  machines.  The  peripheral  speeds  average  60  metres  per  second 
(being  in  one  case  as  high  as  113  metres  per  second)  as  compared 
with  10  to  30  metres  per  second  for  slow  speed  machines. 

The  output  per  pole  is  a  conception  which  gives  some  ideas  of  the 
amount  of  field  copper  per  pole,  and  its  value  has  been  entered  in 
the  table,  where  it  is  seen  to  amount  to  1375  kva.  per  pole  in  the 
case  of  No.  XXVII.  This  value,  in  the  case  of  alternating  current 
generators,  of  course  depends  on  the  rated  output,  but  in  comparing 
machines  of  a  given  rating  for  different  speeds  and  numbers  of  poles, 
it  is  of  considerable  interest. 

The  radial  depth  of  the  air  gap  is  entered  in  column  17.  The  air 
gaps  are  deep  with  machines  of  large  output  per  pole.  The  deepest 
air  gap  shown  is  for  the  5500  kw.  4-pole  Westinghouse  machine  No. 
XXVII,  which  has  a  gap  of  8.25  centimetres  (31  inches). 

The  output  coeflScient, 

p       Watts  output 
ly^^g  (R.P.M.) ' 

is  entered  in  column  20.  A  discussion  on  this  coefficient  has  been 
given  in  Chapter  II.  It  will  be  seen  from  Table  16  that  the  average 
values  for  the  coefficient  are,  on  the  whole,  considerably  lower  than  the 
values  obtained  with  low  speed  designs.  This  signifies  that  although 
the  armature  is  doing  greater  duty  from  the  standpoint  of  watts  out- 
put per  unit  of  I^Xg,  its  specific  duty,  i.e.,  the  watts  per  unit  of  D^^ 
per  revolution  per  minute,  is  not  so  high  for  the  high  speed  ratings. 

The  ratio  of  the  armature  diameter  to  armature  core  length  is 
shown  in  column  14.  This  ratio  is  not  of  great  utility  as  a  factor 
in  design,  but  it  conveys  an  idea  of  the  contour  and  proportions  of 
the  armature.  Thus,  whereas  in  low  speed  designs  the  diameter  is 
from  7  to  20  times  the  length,  in  high  speed  designs  the  average  ratio 
lies  between  1  and  3.    The  ratio  of  armature  length  to  pole  pitch 
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Xglx  is  of  greater  significance  as  a  designing  conception.  Its  value 
is  fairly  uniform  at  about  1.6,  and,  leaving  out  of  account  exceptional 
cases,  it  may  be  said  to  lie  between  0.7  and  1.5. 

The  comparisons  set  forth  in  this  chapter  illustrate  fairly  well  the 
general  comparison  between  designs  within  the  range  of  low  rated 
speeds  to  those  within  the  range  of  high  rated  speeds. 

It  is  evident  that,  comparing  two  designs  for  a  given  rated  output, 
one  for  a  low  speed  and  the  other  for  a  high  speed,  although  the 
high  speed  effects  considerable  economy  in  the  material,  the  economy 
is  by  no  means  proportional  to  the  rated  speed.  It  has  already 
been  stated  that  as  one  approaches,  for  a  design  of  given  rated  out- 
put, the  range  of  high  speeds,  the  influence  of,  and  the  economy 
effected  by,  the  rated  speed  become  less  marked.  There  is  a  certain 
speed  most  suitable  for  each  rated  output  and  frequency  beyond 
which  no  further  economy  is  effected  by  further  increase  in  the  rated 
speed. 

It  is  the  purpose  of  the  immediately  following  chapters  to  examine 
these  relations  quantitatively  and  in  further  detail  by  the  workmg  out 
and  study  of  a  number  of  designs  for  alternating  current  generators. 


CHAPTER  VIL 

GENERAL  PROCEDURE  IN  ALTERNATOR  DESIGN. 

A  PRELIMINARY  design  may  be  worked  out  from  the  basis  of  any  of 
the  design  coefficients  given  in  Chapter  II.  The  most  convenient  and 
most  extensively  used  of  these  is  the  output  coefl5cient  f .  For  a 
specified  rated  output,  speed,  and  frequency,  we  can  choose  an 
appropriate  trial  value  of  f  from  the  curves  in  Figs.  3  to  6  of  Chapter  II. 
This  value  determines  the  value  of  JD^Xg,  To  obtain  the  values  of 
the  two  components  of  this  term  D^Xg^  we  are  partly  controlled  by 

the  values  of  the  ratios  -  and  -^ ,  where  r  denotes  the  pole  pitch  at  the 
Xg        -c' 

air  gap  in  centimetres. 
The  ratio  —  Ues  between  0.6  for  machines  of  large  output  and  very 

xg 

high  speeds,  and  12.0  for  designs  for  large  output  and  very  slow  speeds. 

The  average  value  of  —  for  machines  up  to  3000  kva.  rated  output  and 
*^g 

for  steam  turbine  speeds  is  of  the  general  order  of  unity,  i.e.,  the  diam- 
eter is  more  or  less  equal  to  the  gross  core  length. 

The  ratio  -^  is  much  more  uniform  than  the  ratio  —  ,and  usually  has 

a  value  somewhere  near  unity,  rarely  exceeding  2.0  and  rarely  being 
less  than  0.6.  It  is  in  the  interests  of  a  good  design  from  the  electro- 
magnetic and  thermal  standpoint,  to  employ  a  fah-ly  low  value  for-^' 

but  in  high  speed  machines,  high  values  of  this  ratio  are  unavoidable 
in  view  of  mechanical  requirements.  The  selection  of  the  preferable 
value  for  this  ratio  should  only  be  made  after  carrying  out  a  con- 
siderable number  of  preliminary  estimates.  It  is  often  useful  to 
proceed  from  the  assumption  of  a  preliminary  value  for  the  pole 
pitch  T,  as  this  has  quite  uniform  values  for  low  speed  machines. 
This  is  a  consequence  of  the  fact  that  low  speed  machines  have 
generally  been  designed  with  much  the  same  peripheral  speed. 
Twenty  metres  per  second  has  been  a  frequently  employed  value. 
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The  pole  pitch  t  in  centimetres  and  the  peripheral  speed  s  in  metres 
per  second  are  related  as  follows  : 

8  «  0.02  T  X  N 
where  N  denotes  the  frequency  in  cycles  per  second. 
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Pia.  69.  —  Curves  showing  air  gap  diameter  for  25-cycle  polyphase  alteroatora  as  a 
function  of  the  rated  output  for  various  speeds. 

Hence,  if  v  «-  20  metres  per  second, 

_  100  X  20  _  1000 
^        2XJV  JV'* 

For  50-cycle  slow  speed  machines,  20  centimetres  is  an  average  value 
for  the  pole  pitch,  and  for  25  cycles,  some  40  centimetres.    With  low 
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speed  machines  of  the  customary  well  known  type  with  internal 
revolving  field,  a  fairly  good  basis  has  been  to  assume  r  as  from  20  to 
30  centimetres  for  50-cycle  machines,  and  from  35  to  45  centimetres 
for  25-cycle  machines. 
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Fia.  70  —  Curves  showing  air  gap  diameter  for  50-cycle  polyphase  alternators  as  a 
function  of  the  rated  output  for  various  speeds. 

With  high  speed  machines,  where  the  peripheral  speed  varies  from 
30  to  100  metres  per  second,  this  basis  is  useless.  In  setting  out  a 
design  for  a  turbine  driven  machine  we  do  not  at  the  outset  assign  any 
value  to  the  peripheral  speed  to  which  to  work,  but  this  largely  deter- 
mines itself  from  the  diameter  ultimately  arrived  at  as  giving  the  best 
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design.  Further,  the  peripheral  speed  corresponding  to  preferable 
dimensions  is  lower  the  lower  the  rated  output.  An  experienced 
designer  is  able  to  decide  in  advance  and  with  a  considerable 
degree  of  correctness  the  preferable  leading  dimensions  for  a  given 
case. 

In  Figs.  69  and  70  are  given  sets  of  curves  which  are  useful  as 
a  rough  basis  for  the  predetermination  of  the  diameter  of  a  well  pro- 
portioned design  for  a  given  rating.  Fig.  69  relates  to  25-cycle  and 
Fig.  70  to  50-cycle  alternators. 

The  curves  give  the  air  gap  diameter  plotted  as  a  function  of  the 
rated  output  in  kva.,  for  various  speeds  from  80  R.P.M.  to  1500 
R.P.M.  The  number  of  poles  corresponding  to  each  speed  is 
entered  at  the  right  hand  side  of  each  set  of  curves.  With  the  value 
of  f  already  chosen,  and  the  value  of  D  obtained  from  these  curves, 
we  can  now  proceed  further  with  the  design. 

Having  fixed  the  main  dimensions,  D  and  Xgy  we  have  next  to 
determine  either  the  number  of  turns  on  the  armature  or  else  the 
flux  per  pole,  in  order  to  carry  the  design  further,  a,  the  ampere 
conductors  per  centimetre  of  armature  periphery,  usually  lies  some- 
where near  200;  and  the  mean  flux  density  at  the  air  gap,  ^,  is  of 
the  order  of  6000  lines  per  square  centimetre.  As  the  output  coef- 
ficient $  is  proportional  to  the  product  a/?,  values  for  the  latter  must 
be  in  accordance  with  the  value  of  f  originally  taken.  If  f  is  high, 
either  or  both  a  and  3  may  be  high,  and  vice  versa.  We  obtain 
from  these  values  a  preliminary  value  for  either  the  armature  turns 
or  the  flux.    The  order  of  procedure  is  as  follows: 

1.  The  air  gap  circumference  =  kD. 

The  total  number  of  ampere  conductors  around  the  gap  periphery 
«  TtDa. 
If  the  current  per  phase  is  /  amperes,  the  number  of  conductors 

on  the  armature  is  — y- ,  and  the  number  of  conductors  per  phase 

-J —  T,  the  turns  per  phase,  =  r-r-  • 

Taking  a  =  200, 

then  r  =  311? (1) 

In 
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The  flux  per  pole  in  cg.s,  lines  is  given  by  the  formula 

where  all  the  quantities  are  known  except  M, 

2.  Taking  ^  «=  6000;  then  M  the  flux  per  pole  is  equal  to 
fi  X  total  polar  area. 

The  total  polar  area  =  rkg. 

Hence  M    =  6000  vXg (2) 

y 
The  turns  per  phase  will  in  this  case  be  given  by  T  =  ^tttt  X  10"*. 

MkN 

By  either  of  the  above  methods  we  arrive  at  preliminary  values  for 
the  flux  and  armature  turns. 

As  the  output  coeflScient  $  =  0.182  X  10"*  afi  we  must  in  any 
particular  case  choose  the  values  for  a  and  ^  in  accordance  with  the 
particular  value  of  f  which  has  been  taken.  If  f  has  a  low  value,  a 
and  p  and  the  coefficients  in  equations  (1)  and  (2)  will  be  assigned 
lower  values  than  those  above  set  forth. 

If  the  machine  is  required  to  have  close  pressure  regulation,  it 
must  have  a  relatively  **  weak  "  armature  which  corresponds  to  a 
smaller  value  for  a.  Machines  required  to  run  very  cool,  and  to 
stand  large  overloads,  will  have  smaller  values  for  0  in  order  to 
provide  a  larger  surface  for  the  armature. 

It  does  not  follow  that  either  value  thus  obtained  for  the  flux  and 
turns,  will  be  adhered  to  finally.  On  the  contrary,  the  values  are,  as 
the  design  progresses,  adjusted  to  give  the  best  results. 

DESIGN  OF  650  KVA.   ALTERNATOR. 

Without  generalising  further,  let  us  apply  this  procedure  to  the 
preparation  of  a  design  for  a  650  kva.  3-phase  4-pole  1500  R.P.M. 
50-cycle  500-volt  alternator. 

The  rating  of  an  alternator  may  be  stated  either  in  kva.  or  in  kw. 
at  a  certain  power  factor. 

If,  for  instance,  the  machine  under  consideration  were  rated  at  650 

kw.  at  a  power  factor  of  0.80,  the  output  in  kva.  is  r-^  =  812  kva., 
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and  it  should  be  designed  for  this  number  of  kilovolt-amperes.    The 

500 
machine  is  F-connected,  and  the  volts  per  phase  »=  •— ;=  «  289.    The 

current  per  phase  =■       '    ~  -  75  amperes,  which  is  also  the  current 


per  terminal. 
Number  of  poles   P  = 


289X3 

120  XiV 


120  X  50 


-4. 


R  1500 

The  nuipber  of  poles  is  at  once  fixed  by  the  speed  and  frequency. 
Table  18  gives  the  relation  between  speed,  frequency,  and  number 
of  poles. 

Value  for  lyXg.  —  From  the  curves  in  Chapter  II  a  suitable  value  for 
e  is  found  to  be  1.23.    Hence />»;,- ^  - -jjf^  -  352 

cubic  decimetres. 

Prom  the  curves  in  Fig.  70  the  value  of  75  centimetres  is  chosen  for 
D.  Before  deciding  to  proceed  with  the  design  with  this  value  for 
D,  it  is  useful  to  take  one  or  two  values  below  and  above  this  and 
tabulate  for  inspection  the  values  for  Xg,  the  peripheral  speed,  «,  ^/r 

and  T-  as  is  shown  in  Table  17: 

TABLE  17. 

Determination  of  Principal  Dimenaions  of  Ai/ternator. 


2X 

I3». 

xg. 

«. 

T. 

r 

D 

I 

70 

4900 

72 

55 

55 

1.31 

0.97 

n 

75 

5620 

62.5 

59 

59 

1.06 

1.20 

m 

80 

6400 

55 

62.8 

62.8 

0.87 

1.45 

IV 

85 

7220 

49 

67 

66.6 

0.73 

1.73 

The  peripheral  speed  s  in  metres  per  second  =  t^t  X  — '    In  Table 

100      60 

19  we  have  tabulated  values  for  s  corresponding  to  various  values  of 

D  and  R.    This  table  will  be  found  useful  for  reading  off  directly 

the  peripheral  speed. 

Foi  the  design  in  hand,  Alternative  III  will  probably  lead  to  the 

best  design,  as  the  peripheral  speed  is  not  excessive,  and  the  value 

of    -^   is  lower.     The  latter  ratio  is  worth  keeping  in  mindi  as  it 
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practically  determines  the  proportions  of  the  section  of  the  magnet 
cores,  on  which  depends  the  weight  of  the  field  copper  on  the  pole. 
The  weight  of  copper  for  a  given  number  of  ampere  turns  and  a 
given  magnetic  cross  section  of  the  pole,  is  a  minimum  when  the 
pole  is  of  circular  section,  and  if  of  rectangular  section  the  weight  is 
smaller  the  nearer  the  shape  of  the  section  approximates  to  a  square. 

c,  the  breadth  of  the  pole  core  (normal  to  the  shaft),  is  usually  from 
0.35  T  to  0.59  T  (as  the  pole  arc  6  averages  0.7  r  and  the  breadth  of 
the  pole  core  0.5  to  0.7  of  the  pole  arc). 

The  dimensions  of  the  pole  core  section  are  c  X  Xg,  and  if  c  =  0.50  r 

we  have  ^  =  0.35  to  0.50  ^ . 

If  the  magnet  core  is  of  square  section,  then 

c^  kg  and   ^  =  0.35  to  0.50. 

Thus,  the  smaller  the  ratio  of  -^  (down  to  a  value  of  about  0.35), 

T 

the  better  is  the  economy  of  the  field  copper.  On  this  point  the  85- 
centimetre  diameter  design  would  be  still  better,  but  the  peripheral 
speed  is  rather  higher  than  is  desirable  in  this  case.  (It  is  of  inter- 
est to  examine  any  of  the  continuous  current  designs  given  in  Part 

111  of  this  book.    Most  of  these  designs  have  pole  cores  of  circular 

section,  and  —  ranges  from  0.4  to  0.8.) 

Determination  of  the  Flux.  —  Having  decided  tentatively  on  Alter- 
native III,  we  have  Z)  =  80,  >lgf  =  55,  t  «  62.8. 
Taking  the  pole  arc  as  60  per  cent  of  the  pole  pitch,  we  have 

6=  0.6  X  62.8  =  38  centimetres. 

As  we  have  not  a  very  high  output  coefficient,  we  will  take  the  air 
gap  density,  /?gf,  at  7000  lines  per  square  centimetre. 
The  pole  face  area  is 

^6  =  55  X  38  =  2100  square  centimetres, 

and  the  flux  per  pole  M  =«  2100  X  7000  -  14.7  megalines,  which  we 
may  take  as  a  preliminary  value. 


NUMBER  OF  SLOTS. 


Ill 


Number  of  Armature  Conductors.  —  The  number  of  turns  per 
phase  is  given  by  the  equation. 
Y 


r- 


X  10". 


MJfciV 

Y  =  voltage  per  phase  =  289. 
M  -  flux  per  pole  =  14J  X  lO'. 
iV  =  frequency  =  50. 
k  =  coefficient  obtained  from  Fig.  71. 

We  have  -  «  0.6  and  the  ''spread"  of  the  winding  =■  33  per  cent. 


Whence  h  «  4.7.    Then, 
T 


289  X  10* 


=^8.4. 


14.7  X  10*  X  4.7  X  50 

We  must  take  the  nearest  whole  number,  which  will  be  8  or  9.  The 
actual  number  of  turns  is  now  determined  by  the  number  of  slots  and 
the  number  of  conductors  per  slot. 

Number  of  Slots.  —  This  is  fixed  by  the  choice  of  a  number  of  slots 
per  pole  per  phase  and  by  considerations  of  the  slot  pitch.  Large 
slow  speed  flywheel  alternators  with  many  poles  and  small  pole 
pitch,  have  from  one  to  three  slots  per  pole  per  phase.  In  high  speed 
alternators  the  number  of  slots  per  pole  per  phase  ranges  from  4  to 
9  by  reason  of  the  few  poles  and  the  large  pole  pitches  employed. 
For  the  case  in  hand  we  may  take  4  or  5;  but  it  is  the  best  plan 
before  deciding,  to  make  out  a  table  for  a  few  different  values  as 
follows: 


TABLE  20. 

Detericination  of  Number  of  Slots  and  Turns  in  Alternator  Design. 


I 

II 

III 


No.  of 
SloUper 
Pole  per 

Phase. 


No.  of 

Blots  per 

Phase. 


16 
20 
24 


No.  of 

Slots  per 

Pole. 


12 
15 
18 


Total  No. 
of  Slots. 


48 
60 
72 


Slot  Pitch 
Cms. 


5.23 
4.18 
3.49 


No.  of 

Condao- 

torsper 

Slot. 


No.  of 

Turns  per 

Phase. 


8 
10 
12 


Ampere 
Cond.  per 

Cm.  of 
Periphery 


144 
180 
216 


We  may  take  either  Alternative  I,  II,  or  III;  and  of  these,  II  will 
probably  be  the  best. 

In  No.  I  with  8  turns  per  phase,  the  value  for  a,  the  ampere  con- 
ductors per  centimetre,  is  rather  lower  than  should  preferably  be 
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employed  on  a  machine  of  this  rating.  In  No.  Ill,  a  is  somewhat 
high,  and  with  12  turns  per  phase  the  flux  is  considerably  smaller,  and 
the  dimensions  kg  and  t  might  be  reduced  on  account  of  the  smaller 
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Fia.  71.  —  Curves  showing  values  of  K,  the  "voltage  coefficient,"  in  the 
E.M.F.  formula. 

flux,  but  this  would  reduce  the  radiating  surface  of  the  armature, 
and  render  the  armature  heating  too  high,  as  we  shall  see. 

In  a  low  voltage  design,  we  have  not  much  choice  as  to  varying  the 
number  of  turns  per  phase.  For  example,  in  the  design  considered, 
we  must  have  either  8,  10,  or  12  turns  per  phase  (unless  we  have 
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recourse  to  an  abnormal  winding  for  the  armature).  If  this  design 
were  for  5000  terminal  volts  instead  of  500,  we  should  have  80, 100, 
or  120  turns  per  phase  with  10  conductors  per  slot.  We  could  in  this 
case  vary  the  number  of  turns  to  a  finer  degree  by  taking  8  or  9,  11, 
or  12  conductors  per  slot.  The  question  of  whether  we  employ  large  or 
small  slots,  together  with  a  large  or  small  slot  pitch,  is  of  importance. 
The  greater  the  number  of  slots  per  pole  per  phase  and  the  smaller  the 
slot,  the  lower  is  the  space  factor  that  can  be  obtained  in  the  slot  for 
a  given  voltage.  In  the  present  case  and  in  any  low  voltage  design, 
this  point  is  not  of  serious  importance,  as  the  slot  insulation  will  not 
occupy  much  room.  Had  this  design  been  for  5000  volts,  we  should 
have  preferred  the  48-slot  design  on  this  account,  but  with  500  volts 
we  shall  take  60  slots  with  one  conductor  per  slot.  We  are  now  able 
to  recalculate  the  final  value  of  the  flux  with  10  turns  per  phase: 
V  2SQ 

^  ^  K¥n  ^^^^  4.7X10X50  ^  ^^^  12.3 megalines  per  pole. 

This  is  the  flux  crossing  the  air  gap  and  entering  the  armature:  The 
flux  in  the  poles  is  obtained  by  multiplying  the  armature  flux  by  the 
leakage  coefficient  (see  page  76).  We  have  now  to  assign  values  to 
the  magnetic  densities  at  the  different  parts  of  the  magnetic  circuit, 
to  determine  the  sizes  of  the  armature  body,  teeth  and  pole  cores. 

The  following  values  should  not  generally  be  exceeded,  and  it  is 
preferable  in  alternator  design,  to  work  as  near  them  as  practicable: 

TABLE  21. 
Maximum  Flux  Densities  in  Iron  and  Steel. 

Pole  cores  of  wrought  iron  or  forged  steel     .  16,000  lines  per  sq.  cm. 

Pole  cores  of  cast  steel     15,000  lines  per  sq.  cm. 

Pole  cores  of  cast  iron 9,500  lines  per  sq.  cm. 

Teeth,  best  sheet  iron  or  steel  stampings  .    .  20,000  lines  per  sq.  cm. 

Armature  body  (below  slots) 10,000  lines  per  sq.  cm. 

Magnet  Poles.  —  The  density  will  depend  on  the  material  em- 
ployed. Rotating  fields  for  turbine  speeds  are  either  of  laminated 
sheet  iron  or  steel,  or  of  some  variety  of  iron  or  steel  forgings,  and, 
in  a  few  cases,  steel  castings. 

For  the  machine  considered,  the  rotor  is  built  from  slabs  of  forged 
steel  (see  Fig.  72),  and  we  may  take  a  density  of  16,000  lines  per 
square  centimetre. 
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To  obtain  the  flux  in  the  pole,  we  require  a  value  for  the  leakage 
coefficient  of  the  magnetic  circuit.  This  can  be  calculated  in  the 
manner  shown  on  page  75,  Chapter  V,  if  the  dimensions  of  the  poles 
are  known. 

For  the  present  purpose  we  shall  assume  a  preliminary  value,  for 

which  a  fair  figure  in  this  case  will  be  1.15.    The  flux  in  the  pole  is 

1.15  X  12.3  «  14  megalines.    Taking  a  density  of  16,000,  the  mag- 

14  X  10* 
netic  section  required  is     ^^  _-.     =  875  square  centimetres.    The 

lo,00U 

length  of  the  pole  parallel  to  the  shaft  is  Xg  minus  the  length  oc- 
cupied by  the  air  ducts  in  the  field  system.  The  rotor  is  built  of  4 
slabs  of  forged  steel  with  3  ducts  between  the  slabs,  the  centre  one 
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FiQ.  72. —  Outline  of  field  of  650  kva.  alternator. 

being  3  centimetres  wide,  and  the  other  two  2  centimetres  wide. 
The  net  length  is  thus  55  -  (2  H-  2  H-  3)  =  48  centimetres.  The 
breadth  of  the  pole  will  be  V^  =  18  centimetres.  An  outline 
sketch  of  the  form  shown  in  Fig.  72  can  now  be  made.  It  is  de- 
sirable to  use  this  outline  to  ascertain  whether  there  will  be  room  for 
the  requisite  amount  of  field  copper  on  the  poles.  It  is  a  somewhat 
difficult  problem,  in  high  speed  alternator  design,  to  find  sufficient 
space  for  the  field  copper  without  undtie  heating  and  stresses;  hence 
it  is  a  good  plan  to  look  roughly  into  this  point  at  this  early  stage  in 
the  design,  since  if  left  to  a  later  stage,  when  the  final  calculations 
for  the  field  winding  are  made,  the  whole  design  may  have  to  be 
considerably  modified,  thus  entailing  a  large  amount  of  wasted  work. 
Some  idea  is  needed  of  the  total  ampere  turns  which  will  be  required 
on  each  pole,  and  this  can  be  obtained  from  the  armature  strength, 
since  the  number  of  turns  have  been  settled. 
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We  have  750  X  10  «  7500  ampere  turns  per  phase,  or  3  X  7500  - 
22,500  ampere  turns  on  the  whole  armature.  The  armature  ampere 
turns  per  pole  or  armature  strength  =»  5^55  =  5625.  The  field 
ampere  turns  may  be  estimated  as  a  preliminary  step,  by  assuming 
a  value  for  the  short  circuit  current.  With  modem  iron  clad  alter- 
nators, the  short  circuit  current  for  normal  field  excitation  and  speed 
is  from  two  to  four  times  the  full  load  armature  current  for  machines 
of  normal  regulating  properties. 

The  armature  demagnetisation  on  short  circuit  is  about  0.7  X  the 
armature  strength,  the  power  factor  being  practically  zero.  If  we 
assume  a  short  circuit  current  equal  to  2.5  times  the  full  load  cur- 
rent, the  armature  demagnetisation  on  short  circuit  is  2.5  X  0.7  X 
the  armature  strength,  or  nearly  twice  the  armature  strength.  This 
reaction  counterbalances  the  field  excitation  ampere  turns  for  normal 
voltage  at  no  load,  and  hence  we  have  a  preliminary  value  for 
the  latter.  In  our  case  the  demagnetising  ampere  turns  on  short 
circuit  will  be  2.5  X  0.7  X  5625  =  9800  ampere  turns.  The  ampere 
turns  on  each  pole  at  no  load  will  be  about  9800,  but  the  maximum 
excitation  will  occur  when  the  load  has  its  lowest  power  factor  which 
may  be  taken  as  0.8.  To  maintain  normal  voltage  for  such  a  load 
the  excitation  regulation  is  about  40  per  cent,  and  the  field  ampere 
turns  are  1.4  X  9800  =  13,700. 

The  question  now  is  whether  the  field  system,  as  already  outlined, 
will  provide  sufficient  space  for  13,700  ampere  turns  per  pole.  The 
current  density  usually  ranges  from  200  to  400  amperes  per  square 
centimetre.  Taking  the  lower  value,  the  total  cross  section  of  copper 
is  H'lojf-^  =  68  square  centimetres. 

With  strip  wound  coils,  we  can  obtain  a  space  factor  of  0.8  so  that 
the  total  cross  section  of  winding  space  required  is  J^  =  85  square 
centimetres.  The  available  winding  length  from  pole  seat  to  under- 
side of  shoe  is  16  centimetres,  and  the  depth  of  the  winding  will  be 
H  =  5.3  centimetres.  The  outline  of  the  winding  section  correspond- 
ing to  these  dimensions  is  marked  out  on  the  upper  poles  in  Fig.  72, 
from  which  it  will  be  seen  that  there  is  just  room  on  the  pole  for  this 
number  of  ampere  turns. 

If  the  available  space  is  not  large  enough,  it  is  necessary  either  to 
decrease  the  armature  strength  by  employing  less  turns  per  phase, 
or  to  increase  the  diameter  of  the  pole  system  to  obtain  a  greater 
radial  length  under  the  pole  seat.    The  former  plan  entails  an  in- 
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crease  in  the  flux  and  in  Xg  to  carry  the  increased  flux.  The  latter 
increases  the  peripheral  speed.  Both  plans  reduce  the  output  coeflS- 
cient. 

Having  ascertained  that  room  can  probably  be  found  for  the  field 
copper,  we  may  leave  detailed  calculations  till  a  later  stage  and  pro- 
ceed further  with  the  general  design. 

Slots  and  Teeth.  —  The  width  of  the  tooth  is  determined  from 
the  flux  density  in  the  teeth.  With  a  flux  of  12.3  megalines,  the 
density  at  the  pole  face  is  only  6750  lines  per  square  centimetre. 
As  this  is  not  high,  we  shall  not  be  able  to  employ  a  very  high  density 
in  the  teeth  if  we  wish  to  preserve  a  good  proportion  of  slot  width 
to  tooth  width. 

In  high  speed  machines,  where  the  output  coefficient  and  the  air  gap 
density  are  relatively  low,  the  tooth  densities  are  also  relatively  low. 
For  our  case  we  shall  first  take  a  tooth  density  fit  =  16,000  lines  per 
square  centimetre.  The  magnetic  section  of  the  teeth  to  carry  12.3 
megalines  is, 

12.3  X  10'      --^  ,.     , 

— TTTj^Fi —  ^  '70  square  centimetres. 
1d,0UU 

The  flux  is  carried  by  the  number  of  teeth  within  the  "effective" 
pole  arc. 

Allowing  10  per  cent  for  fringing  of  the  flux  at  the  pole  tips,  the 
"effective"  pole  arc  is  1.1  X  6,  where  6  =  the  circumferential  length 
of  the  pole  arc  at  the  pole  face.    The  number  of  teeth  carrying  the 

flux  are  then  - —  X  Z  =  l.lrZ,  where  Z  =  the  number  of  teeth  per 

pole,  and  r  =  the  ratio  of  pole  arc  to  pole  pitch. 

If  t  =  the  width  of  tooth  at  armature  face,  the  magnetic  section 
IS  HrZX^L  The  armature  net  core  length,  in,  may  be  provision- 
ally taken  as  OJXg,  as  such  a  ratio  will  usually  allow  of  a  fair 
supply  of  ventilating  ducts. 

(If  we  allow  10  per  cent  for  core  plate  insulation,  the  length  occupied 

by  core  plates  and  their  insulation  is  — ,  and  the  space  occupied  by 

the  ducts  ig-  ^'     If -p-  =0.7,  this  becomes  Xg-  ~— ^  =  0.22^, 

i.e.,  the  air  ducts  take  up  22  per  cent  of  the  gross  core  length.) 
In  the  design  with  which  we  are  occupied,  we  have  r  «  0.6,  Z  «  15, 
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jln  =  0.7  X  55  =  38,  and  the  section  of  the  teeth  =  1.1  X  0.6  X  15  X 
3St=37Qt.    This  must  equal  770  square  centimetres  whence 


t 


770 
376 


=  2.05  centimetres. 


The  slot  pitch  is  4.19  centimetres  and  the  slot  width  s  =  2.14 


centimetres. 


The  ratio  of  slot  width  to  tooth  width  is  -  =  1.04. 

V 


Depth  of  Slot.  —  This  may  be  settled  by  taking  a  depth  which  in 
relation  to  the  width,  gives  a  well  proportioned  slot  or  by  choosing  a 
value  for  the  current  density  in 
the  armature  conductors.  The 
current  density  is  ultimately  de- 
termined by  the  permissible  cop- 
per loss.  In  low  speed  machines 
the  copper  loss  is,  on  the  aver- 
age, 0.4  to  0.7  of  the  iron  loss;  but 
in  high  speed  machines  with  few 
poles  and  a  great  depth  of  iron 
below  the  slots,  the  copper  loss  is 
generally  only  0.1  to  0.2  of  the 
iron  loss.  In  our  present  design 
we  shall  not  be  bound  down  to  a 
low  current  density  on  account  of 
the  copper  loss,  but  this  may  be 
expedient  in  order  to  keep  the 
slot  of  good  proportions. 

If  we  assume  a  current  density 
of  220  amperes  per  square  centimetre,  the  cross  section  of  the  con- 
ductor for  750  amperes  is  if  8  =3.4  square  centimetres. 

Fig.  73  gives  a  curve  for  the  thickness  of  slot  insulation  in  terms 
of  the  voltage,  and  for  500  volts  the  slot  lining  will  be  1  millimetre. 
This  leaves  2.14  -  2  X  0.1  =  1.94  centimetres,  and  allowing  0.5  mil- 
limetre tolerance  in  assembling  the  laminations,  we  have  1.89  centi- 
metres available  for  the  conductors. 

As  the  conductor  is  of  large  section,  we  shall  take  two  in  parallel, 
each  consisting  of  19  strands  of  number  10  B.W.G.  pressed  cable, 
insulated  with  0.4  millimetre  braid.  The  slot  design  is  shown  in 
Fig.  74. 
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Fig.  73.  —  Curve  showing  thickness  of 
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ing current  generators. 
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Depth  of  Armature  Stampings.  —  The  armature  flux  density  is 
finally  settled  with  reference  to  the  core  loss,  and  it  is  necessary 
to  take  a  preliminary  value  and  estimate  the  core  loss  and  the  arma- 
ture heating.  An  experienced  designer  is  at  once  able  to  choose  a 
value  near  the  permissible  one  for  the  case  in  hand.  With  turbo- 
alternators  the  mean  diameter  of  the  armature  body  is  large  compared 
with  the  internal  diameter,  and  the  weight  increases  rapidly  with  the 
cross  section  for  a  given  internal  diameter.  Hence  for  turbo-alterna- 
tors, very  low  flux  densities  are  not  of  much  avail  for  reducing  the 
core  loss. 


19  SInuids  of  <- 
VolO  B;W.a  Z.i  mm.  dl*. 


Fig.  74.  —  Armature  slot  for  650  kva.  alternator. 

In  our  case  we  will  first  take  Pa  =  8000  lines  per  square  centimetre. 

12  3  X  10* 
The  magnetic  section  is  then  — '        —  =  1540  square  centimetres. 

oOOU 

As  the  flux  divides  in  the  armature,  the  section  on  one  side  is  Hi^  = 

770.    The  depth  of  stampings  below  the  slots  is, 

770  _  770 
4         38 

The  external  diameter  is, 

80  +  2  (3.5  -f  20)  =  127  centimetres. 

A  rough  estimation  of  the  armature  losses  and  heating  should  now 
be  made  to  ascertain  if  the  machine  comes  within  permissible  limits 
as  regards  temperature  rise. 


=  20. 
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Annature  Iron  Loss.  —  If  the  densities  in  the  armature  body  and 
teeth  are  not  near  together  in  value,  it  is  preferable  to  estimate  sepa- 
rately the  losses  in  the  armature  body  and  teeth.  If  the  densities  are 
more  nearly  equal,  the  weights  of  teeth  and  armature  may  be  added 
together  and  then  multiplied  by  one  value  for  the  watts  per  kilogram. 
Fig.  75  gives  a  curve  for  estimating  the  core  loss. 

Armature  Body.  —  For  our  design  we  have  ^a  ^  8000,  N  =  50, 
/.  the  watts  per  kilogram  =  7  (from  Fig.  75). 
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Fio.  75.  —  Curves  for  estimating  the  total  armature  core  loss  in  alternating  current 

generators. 

The  weight  of  the  armature  core  is  — *"  "      — —  kilograms  where 

lUUU 

h^  is  the  mean  diameter  (halfway  between  the  bottom  of  the  slots 
and  the  external  periphery)  and  h  the  radial  depth  of  the  stampings 
below  the  slots. 

127  +  87 


Z)«  = 


107  centimetres,  >l„  =  38,  /i  =  20. 


Weight 


;r  X  107  X  38  X  20  X  7.8 
1000 


=  2000  kilograms. 


The  core  loss  is  2000  X  7  =  14,000  watts (1) 
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Teeth  Loss.  —  ^i  »  15;500  (mean  density  halfway  up  the  tooth), 

JV  =»  50,  watts  per  kilogram  «  24  (from  Fig.  75). 

TXT  •  ux    'e     11  4.    xu        ^«  X  d  X  ^  X  number  of    teeth  X  7.8 
Weight  of  all  teeth  =  -= — ^qqq ' 

i^  =  mean  width  of  tooth  «  2.1. 

d  =  depth  of  slot  =  3.5. 

„.  .  ,  .       2.1  X  3.5  X  38  X  60  X  7.8       .«^  , 
Weight Yqqo ^  ^^  ^' 

Loss  «  130  X  24  =  3100  watts (2) 

Copper  Loss.  —  The  armature  resistance  per  phase  is  required. 

The  mean  length  of  a  turn  of  the  armature  coil  is  approximately 
«  2Xg  4-  kz,  where  k  ranges  from  3.5  to  5.5,  the  value  of  k  being 
lower  the  lower  the  voltage  and  the  less  the  number  of  poles.  Taking 
for  our  case  A;  =  4  we  have 

Mean  Length  Turn  =  (2  X  55)  4-  (4  X  62.8)  =360  centimetres. 
Since  there  are  ten  turns  per  phase,  the  length  of  conductor  per 
phase  =  10  X  360  =  3600  centimetres. 

The  resistance  per  phase  at  60  degrees  C.  =  -p  =-  -r-r  X  0.000002 

a  3.4 

=  0.0021  ohms. 

The  PR  loss  per  phase  is  750^  X  0.0021  =  1180  watts  and  for 
3  phases  «  3540  watts (3) 

Total  Losses  and  Heating. 

The  total  armature  losses  (1),  (2),  and  (3)  are  thus  14,000  +  3100 
+  3540  =  20,640  watts.    The  armature  radiating  surface  is 

7:D{X  g  +  0.7t) 

=  ;r  X  80  (55  +  0.7  X  62.8) 

=  250  square  decimetres. 

The  heating  coefficient  is  thus  H'f^^  =83  watts  per  square  decimetre, 
or,  rcckone<l  on  the  surface  nDig,  150  watts  per  square  decimetre. 

If  due  attention  is  paid  to  the  design  of  the  ventilation  channels, 
these  values  will  give  a  rise  of  temperature  within  40  degrees  C.  so 
that  the  design  is  within  correct  limits  in  this  respect.  Since  the 
weight  of  armature  iron  decreases  with  increasing  flux  density,  it  is  of 
interest  at  this  point  to  calculate  the  losses  heating  and  efficiency  for 
several  armature  flux  densities  to  ascertain  the  highest  density  that 
can  be  allowed. 


DEPTH  OF  AIR  GAP. 
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Table  22  contains  the  necessary  calculations  for  several  densities 
ranging  from  6000  to  10,000. 

TABLE  Z2. 

Determination  of  Armature  Flux  Density  in  Alternator  Design. 


^. 

^r 

Kzter- 

nal 
]>Um- 
eter. 

Weight 
Core. 

Loss  In 
Watts 
per  Kg. 

Core 
Lou. 

Total 
Arma- 
ture 
Losses. 

Watts  per  Sq.  Dm. 

EflSciency 
Exclud- 
ing Field 

ir/>  {Kg  + 
0.7  T). 

wDXg. 

and 

Friction 

Losses. 

6,000 
7,000 
8,000 
9,000 
10.000 

27 
23 
20 
18 
16 

141 
133 
127 
123 
119 

2860 
2350 
2000 
1760 
1540 

4.0 
5.4 
7.0 
9.0 
11.0 

11,500 
12,700 
14,000 
15,800 
17,000 

18,140 
19,340 
20.640 
22,440 
23,640 

73 
77 
83 
90 
95 

131 
140 
150 
163 
171 

97.3% 
97.2% 

96.7% 
96.5% 

Calculation  of  Magnetic  Circuit.  —  We  have  already  settled  the 
flux  densities  and  cross  sections  of  the  "iron"  parts,  of  the  mag- 
netic circuit,  and  before  calculating  the  no  load  saturation  curve 
there  only  remains  to  be  settled  the  depth  of  the  air  gap. 

Depth  of  Air  Gap.  —  On  page  116,  taking  the  field  ampere  turns  as 
1.75  times  the  armature  ampere  turns,  we  found  the  required  no 
load  excitation  per  pole  to  be  about  9800  ampere  turns.  Of  this, 
some  80  per  cent  to  85  per  cent  will  be  taken  up  by  the  air  gap  as  the 
iron  is  fairly  highly  saturated. 

Taking  the  air  gap  ampere  turns  as  amounting  to  80  per  cent  we 
have 

Ah:  Gap  Ampere  Turns  =  0.8  X  9800  =  7840. 

The  pole  face  density 
^  M        12.3  X  ly      12.3  X  10^      ..^,. 


6X>1,,       48X38  1830 

The  depth  of  gap 

,   _  ampere  turns  7840 

'  ""         0.8^9^         "  0.8  X  6750 


■=  1.45  centimetres. 


In  making  magnetic  calculations  of  alternators,  it  is  convenient 
to  calculate  the  excitation  for  normal  voltage  and  for  1.2  times 
normal  voltage,  as  these  will  give  two  points  on  the  saturation 
curve.  As  the  voltage  regulation  should  not  exceed  20  per  cent, 
no  part  of  the  saturation  curve  beyond  a  p)oint  corresponding  to  a 
voltage  20  per  cent  above  the  normal  voltage,  will  be  required. 

The  necessary  calculations  are  set  forth  in  Table  23. 
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TABLE  23. 

Calculations  of  Field  Excitation  at  No  Load  in  Design  of  650  kva. 

Alternator. 


Normal 
Yoltaffo  per 

PhaM, 
289  VolU. 


1.2  X  Normal 
Voltage, 
347  Voltu, 


Armature 

Flux  per  pole  .... 
Magnetic  area  (Aa) 
Flux  density  (fia)  .  . 
Magnetic  length  (la)  . 
Ampere  turns  per  cm. 
Ampere  turns  .   .   .   . 


Teeth 

Flux 

Magnetic  area  (Teeth  under  pole  face)  +  10%  (At) 

Flux  density  (fit) 

Magnetic  length  {It) 

Ampere  turns  per  cm 

Ampere  turns 


Air  Gap 

Flux 

Area  at  pole  face  (Ag) 

Flux  density  03^) 

Magnetic  length  Qg) 

Ampere  turns  per  cm.  -"0.8  X  % 
Ampere  turns 


Pole  Core 
Leakage  coefficient 
Flux  in  the  pole  .    .    . 
Magnetic  area  (A») 
Flux  density  (fip)   .    . 
Magnetic  length  (Ip)    . 
Ampere  turns  per  cm. 
Ampere  turns  .    .    .    . 


Yoke  or  Hub 

Flux 

Magnetic  area  (Ay) 
Flux  density  (/3y)    .    . 
Magnetic  length  (ly)  . 
Ampere  turns  per  cm. 
Ampere  turns  (A.T.y) 


Summary 

Ampere  turns  for  yoke 
Pole   .        ..... 

Pole  4-  yoke     .    .    . 

Teeth 

Armature      .... 
Total  for  iron  .    .    . 


Air  pap . 
-      ■  foi 


Total  for  no  load 

Air  gap  ampere  turns  in  per  cent  of  total 


12.3 

1,640 

8,000 

42 

3 

126 


12.3 

770 

16,000 

3.5 

25 

88 


12.3 
2,100 
5,850 

1.45 
4,670 
6,770 


1.15 

14 

875 

16,000 

20 

25 

500 


14 

930 

15,000 

10 

17 

170 


170 

500 

670 

88 

126 

884 

6,770 

7,654 

88.5% 


14.8 

1,540 

9,600 

42 

4 

168 


14.8 

770 

19,200 

3.5 

75 

263 


14.8 
2,100 
7,050 

1.45 
5,640 
8,200 


1.15 

16.8 

875 

19,200 

20 

75 

1,500 


16.8 

930 

18,000 

10 

60 

600 


600 

2,000 

2,600 

455 

168 

3,223 

8,200 

11,423 

71.5% 


The  no  load  saturation  curve  is  drawn  in  Fig.  76. 


ARMATURE  REACTIONS  AND  REGULATION. 
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Armature  Reactions  and  Regulation.  —  The  estimation  of  the 
armature  reactions  and  the  pressure  regulation  may  now  be  carried 
out  in  detail.  This  is  done  in  the  manner  already  outlined  in  Chapter 
V,  and  below  are  given  the  necessary  calculations  set  out  in  order. 
The  items  as  arranged,  fonn  a  convenient  basis  of  a  schedule  for  cal- 
culating regulation  by  this  method,  and  will  also  serve  as  a  tabular 
illustration  of  the  method. 
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Fia.  76. —  Saturation  curve  for  650  kva.  3-phaj9e  4-pole  1500  r.p.m.  50-cycle  500- 

volt  alternator. 


TABLE    24. 

Calculation  of  Armature  Reactions  and  Regulation  in  Design  for 

650  KVA.  Alternator. 

Armature  Inductance. 

Mean  length  of  turn  -  2A^  +  4t 360 

Embedded  length  -  2An 76 

Free  length  per  turn  (L.M.T  -  2Xn) 284 

C.G.S.  lines  per  A.T.  of  embedded  length  (76  X  0.4) 30 

C.G.S.  lines  per  A.T.  of  free  length  (284  X  0.5) ;  .  142 

C.G.S.  lines  per  ampere  turn      172 
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TABLE   24.— Continued, 

Calculation  of  Armature  Reactions  and  Regulation  in  Dbbiqn  for 
650  KVA.  Alternator. 

Number  of  turns  per  coil 5 

Inductance  of  one  coil  «  (5»  X  158  X  lO"') 0.000043 

Reactance  of  one  coil  (ohms) 0.0135 

Coils  per  phase 2 

Reactance  per  phase  (ohms) 0.0270 

Reactance  pressure  per  phase  at  full  load  current volts  21.0 

Reactance  pressure percent  7.0 

Number  of  turns  per  phase 10 

Armature  ampere  turns  per  phase  at  full  load 7,500 

Armature  ampere  turns  for  all  phases 22,500 

Armature  ampere  turns  per  pole ni  5,625 

Effective  demagnetising  amp.  turns  KBni  =  0.75  X  0.95  X  5625  .  4,000 
Field  ampere  turns  for  reactance  voltage  (from  no  load  saturation 

curve) 350 

Total  field  ampere  turns  for  full  load  current  on  short  circuit     .    .  4,350 

No  load  field  ampere  turns  (full  terminal  volts)      7,654 

Ratio  of  short  circuit  current  to  full  load  current 1 .  76 

Short  circuit  current amperes  1,320 

Reaction  Calculations. 
/.  Potocr  Factor  =  4.0 

cos^ 1.0 

4> 0 

(a)  Reactance  voltage percent  7.0 

sin  a  «  sin  (tan"' ^  1 0.07 

a  in  degrees 4.0 

(p)  distorting  ampere  turns  » 

KBni  cos  *'  -  0.15  X  0.95  X  5625  X  0.98 782 

o  «  Distorting  ampere  turns  X  90^  -^  ^ 
Ampere  turns  for  air  gap 

(^')  ^'  «  ^  +  a  -I-  ^  in  degrees 14 

sin^' 0.242 

(A)  Demagnetising  ampere   turns  (effective)  «=  KBni  sin   0' 

-  0.75  X  0.95  X  5625  X  0.242 970 

No  load  leakage  coefficient  (  =  1  +  a) 1.15 

Increased  leakage  coefficient  =  1  +  ( <^  r;^ — ; — ^ ^^ )  1 .  17 

\    No  load  amp.  turns/ 

1  17 

Equivalent  increased  voltage  -^—  X  289 294 

i.lo 

(B)  Extra  ampere  turns  (from  Fig.  76  pole  and  yoke  curve)     .  130 
Total  extra  field  ampere  turns  at  full  load  —  A  4-  B  .    .    .  1,000 

No  load  ampere  turns 7,650 

Total  ampere  turns  for  full  load  cos  ^  =»  1.0 8,650 
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TABLE  24 — Continued, 

Calculation  of  Abmature  Reactionb  and  Regulation  in  Design 
FOR  650  KVA.  Alternator. 
//.    Power  Factor  -  0.8 

cos^ 0.8 

4>  in  degrees 37 

(a)  Reactance  voltage per  cent  7.0 

sina  —  vcos^ 0.056 

a  in  degrees 3.1 

iP)  Distorting  ampere  turns  — 

KBni  cos  #'  -  .15  X  .95  X  5625  X  0.669 536 

Distorting  ampere  turns  X  90° 
'^ ""      Ampere  turns  for  air  gap 

(*0  *'-*  +  «  +  i^ 4r 

A.  Demagnetising  ampere  turns  (effective) 

KBni  sin  4/  -  0.75  X  0.95  X  5625  X  0.731 2,930 

Reactance  voltage  (volts) 18.6 

vsin^ 11.2 

B.  Ampere  turns  for  reactance  drop 300 

No  load  leakage  coefficient    ^  \  -\-  ^ 1.15 

Increased  leakage  coefficient  -  1  +  (^  v    1    ^  a  T  )  *    '  ^ 

Equivalent  increase  in  voltage 10 

C.  Field  ampere  turns 250 

Total  extra  field  ampere  turns  at  full  load  -  A+  B  +  C  3,480 

No  load  ampere  turns 7,650 

Total  ampere  turns  for  full  load  (cos  ^  -  0.8) 11,130 

Regulation. 
I.  cos  ^  -  0.8 

Field  ampere  turns  for  full  load 11,130 

Corresponding  voltage  at  no  load 350 

Inherent  regulation volts  61 

Inherent  regulation per  cent  21% 

Resistance  drop percent  1% 

Total  regulation 22% 

Excitation  regulation 40% 

n.  cos  4»  -  1.0 

Field  ampere  turns  for  full  load 8,650 

Corresponding  voltage  at  no  load 310 

Inherent  regulation volts  19 

Inherent  regulation percent  6.5% 

Resistance  drop percent  1.0% 

Total  regulation 7.5% 


21 
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The  design  may  now  be  regarded  as  complete  so  far  as  the  electro- 
magnetic design  is  conQemed.  As  in  high  speed  alternators  the 
mechanical  problems  are  prominent  and  are  interlinked  with  the 
electrical  and  magnetic  problems,  it  is  necessary  to  make  calculations 
of  the  stresses  in  the  various  parts  of  the  rotor,  in  order  to  ascertain 


FiQ.  77.  —  Outline  drawing  of  assembly  of  650  kva.  1500  r.p.m.  50-cycle  4-pole 
S-phase  alternating  current  generator. 

whether  the  proportions  required  by  the  electrical  and  magnetic  con- 
ditions are  sufficient  for  the  mechanical  conditions. 

Such  calculations  need  not  go  so  far  as  determining  in  detail  the 
dimensions  of  the  mechanical  accessories,  but  they  should  form  an 
integral  part  of  the  designer's  problem.  The  method  of  making  such 
outline  calculations  is  set  forth  in  Chapter  XII,  in  which  an  alterna- 
tive structure  for  the  650  kva.  machine,  which  we  have  designed  in 
this  chapter,  is  handled  in  considerable  detail. 
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For  this  650  kva.  machine  the  design  is  summarised  in  the  follow- 
ing specification.  Drawings  indicating  the  mechanical  design  are 
given  in  Figs.  77  and  77  A. 


Pig.  77  a.  —  Outline  drawing  of  assembly  of  650  kva.  1500  r.p.m.  50-cycle  4-pole 
3-phase  alternating  current  generator. 


Specification  for  650  kva.  3-Phase  Alternator. 
4  poles,  SCO  volts,  1500  R.P.M.,  50  cycles. 

Output  kilovolt  amperes 650 

Terminal  voltage 500 

Style  of  connection Y 

Current  per  terminal 750 

Speed  R.P.M 1500 

Frequency 50 

Number  of  poles 4 

Type Internal  revolving  field 
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Specification  for  650  kva.  3-Pha8e  Alternator  —  Continued. 

Armature  Iron  CmHmHrtB, 

Diameter  at  air  gap 80 

Diameter  at  bottom  of  slots 86.8 

External  diameter  of  laminations 127 

Gross  length  between  core  heads 55 

Number  of  ventilating  ducts 13 

Width  of  each  duct 1 

Percentage  insulation  between  stampings 10% 

EflFective  core  length  (iron) 37 

Width  of  the  end  ducts 1 

Slots  and  Teeth 

Total  number  of  slots 60 

Type  of  slot semi  closed 

Slot  pitch  at  armature  face 4.19 

Width  of  slot 2.14 

Width  of  slot  opening 0.8 

Width  of  tooth  at  armature  face 3.39 

Thickness  of  tip  of  tooth 0.1 

Width  of  tooth  at  narrowest  part 2.05 

Radial  depth  of  slot 3.4  . 

Armature  Copper 

Number  of  slots  per  pole  per  phase 5 

Number  of  conductors  per  slot 2 

Number  in  parallel  per  slot 2 

Each  conductor  consists  of  19  strands  of  No.  10  B.W.G.  pressed  cable. 

Section  of  19/10  B.W.G.  - 1.73  sq.  cms. 

Section  of  two  in  parallel 3.46  sq.  cms. 

Current 750  amperes 

Current  density — amperes  per  sq.  cm 217 

Outside  dimensions  of  conductor,  bare 3.0  X  0.87 

Outside  dimensions  of  conductor,  covered 3  08  X  0.95 

Nature  of  covering braiding 

'   Thickness  of  slot  insulation 1  mm. 

Number  of  turns  in  series  per  phase 10 

Number  of  coils  per  phase 2 

Number  of  turns  per  coil 5 

Rotor  Iron 

Diameter  over  poles 77.5 

Length  of  air  gap  (minimum) 1.25 
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SPEancATioN  FOR  650  kva.  3-Pha8E  Alternator — C(nUiivued. 

RoTOH  Ikon -—Continued,  Cmuimetrf. 

Pole  pitch  at  air  gap 63 

Circumferential  length  of  pole  arc 38 

Ratio-Je5kMc,     60% 

pole  pitch 

Gross  axial  length  (parallel  to  shaft) 55 

Number  of  ventilating  ducts 3 

Width  of  middle  duct 3 

Width  of  other  ducts 2 

Effective  axial  length  of  pole  (iron) 48 

Breadth  of  pole  body  across  shaft 18 

Diameter  of  shaft  (minimum) 17 

Field  Copper 

Total  length  of  winding  space 16 

Number  of  bobbins  per  pole 2 

Axial  length  per  bobbin 7.25 

Number  of  winding  sections  per  bobbin 2 

Number  of  winding  sections  per  pole 4 

Number  of  turns  per  pole 240 

Number  of  turns  per  section  of  winding 60 

Nature  of  winding  —  copper  strip  wound  flat. 

Width  of  strip 3.0 

Thickness  of  strip 0.093 

Insulation  between  turns 0.01 

Depth  of  winding 6.18 

Insulation  on  bobbin  walls 0.15 

Insulation  between  sections 0.15 

Thickness  of  bobbin  cheeks 0.40 

Total  cross  section  of  winding  space  per  pole 31.6  sq.  cm. 

Total  cross  section  of  copper 67.5 

Space  factor 0.82 

Current  at  full  load  and  cos  ^  =  .8 62  amperes 

Current  density  —  amperes  per  sq.  cm 220 

Resistance  of  total  field  at  60**  C 1.216  ohms 

Volts  across  field  at  62  amperes 75  volts 

Magnetic  Data 

Armature  flux  per  pole  (500  volts)      12.3  megaUnes 

Leakage  coefficient  (calculated) 1 .  13 

Flux  in  the  pole  core 13.9  megalines 
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Specification  for  650  kva.  3-Phase  Alternator  —  Continued. 
Magnetic  Densities  c.G.s.iinM 

pertq.  cm. 

Armature 8,000 

Teeth 15,500 

Pole  core 15,900 

Hub  (at  minimum  section) 17,500 

At  pole  face 6,750 


Losses  and  Efficiency 

/.     At  fuU  load  (650  kva.)  and  power  factor  -=1.0 

Armature  copper  loss 

Armature  iron  losses 

Field  copper  loss 

Total  calculable  losses , 

Assumed  for  friction,  windage,  etc 

Total  losses 

Efficiency , 

//.     At  fvU  load  (650  kva.)  and  power  factor  —  0.8 

Total  calculable  losses , 

Total  losses 

Efficiency , 

Pressure  Regulation 

At  full  load  (650  kva.)  and  power  factor  -=1.0    . 
At  full  load  (650  kva.)  and  power  factor  -=0.8    . 


kw. 

3.54 

17.10 

2.30 

22.94 

10.00 

32.94 

95.2% 

24.90 

34.90 

95% 


7.5% 
22% 


Weights  and  Costs  of  Effective  M.\terial. 


Weight  in  Tons. 

Cost  in  Dollars. 

2.13 

270 

1.10 

140 

3.23 

410 

0.306 

190 

0.404 

250 

0.71 

440 

3  94 

850 

0.006 

1.3 

Armature  Iron 

Field  Iron 

Total  Iron 

Armature  Copper 

Field  Copper 

Total  Copper 

Total  Effective  Material    .    .    . 
Total  EfiFective  Material  per  kw 


m 

500 

m 


CHAPTER  VIII. 

INFLUENCE  OF  THE  SPEED  AND  THE  NUMBER  OF  POLES 
ON   DESIGNS  FOR  400  KVA.  ALTERNATORS. 

In  this  chapter  we  have  brought  together  designs  for  400  kva. 
50-cycle  alternators  for  various  rated  speeds.  By  considering  so  small 
a  rating  as  400  kva.  we  are  able  to  include  a  design  for  2  poles 
at  3000  R.P.M.  The  speed  preferred  by  steam  turbine  manufacturers 
for  this  rating  of  400  kva.  would  be  3000  R.P.M.  The .  turbine 
speeds  for  machines  of  much  larger  rated  output  are  less  than  3000 
R.P.M.,  and  if  we  had  taken  a  larger  rating  we  should  not  have  been 
able  to  include  a  2-pole  design.  The  latter  design  will  afford  an 
opportunity  for  a  critical  discussion  of  2-pole  alternators. 

Below  are  given  specifications  and  drawings  for  400  kva.  3-phase 
50-cycle  alternators  for  the  following  speeds  and  numbers  of  poles: 

ABC 

Speed  (R.P.M.) 93}  1500        3000 

Number  of  poles 64  4  2 

The  first  two  designs  afford  a  comparison  and  contrast  between  a 
very  low  speed  and  a  fairly  high  speed  design.  The  third  design 
shows  the  effect  of  still  further  increasing  the  speed  up  to  the  maxi- 
mum possible  speed  for  50  cycles.  By  way  of  investigating  the  rela- 
tive merits  and  demerits  of  a  rotating  field  and  a  rotating  armature 
design  for  the  2-pole  machine,  we  have  worked  out  a  rough  design  for 
a  rotating  armature  machine,  and  this  is  entered  in  column  D  of  the 
specification. 

Designs  A  and  B  are  for  3000  teiininal  volts,  while  C  and  D  are 
for  550  volts.  This  circumstance  only  affects  the  number  and  size 
of  the  armature  conductors  and  the  thickness  and  design  of  the  slot 
insulation.  It  has  no  appreciable  effect  on  the  total  weight  of 
armature  copper  or  on  the  general  comparisons  between  the  designs. 

The  procedure  in  carrying  out  the  two  designs  A  and  B  is  substan- 
tially the  same  as  that  outlined  in  Chapter  VII.  The  2-pole  design  is 
a  much  more  difficult  problem,  and  design  D  differs  in  that  it  has 
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a  rotating  armature.  The  general  comparisons  which  we  made  in 
Chapter  VI  may  be  applied  to  designs  A  and  -B.  Further  com- 
parisons lead  to  the  curves  in  Figs.  80-86. 

These  four  designs  are  arranged  side  by  side  in  the  following  speci- 
fications. Outline  drawings  of  the  four  machines  are  brought  together 
in  Fig.  78.  The  four  designs  have,  in  Fig.  78,  been  purposely  drawn 
to  the  same  scale  to  bring  them  into  sharp  contrast.  A  more  de- 
tailed drawing  of  the  4-pole  design  (B),  showing  the  general  principles 
of  the  mechanical  construction,  is  given  in  Fig.  79. 


SPECIFICATION   FOR 

400  kva.     3-Phase.     64,  4,  2,  2-Pole. 

94,  1500,  3000,  3000  R.P.M.     SO-Cycles.     3000,  3000,  550,  550  Volt 

ALTERNATING  CURRENT  GENERATORS. 
AJl  dimensums  in  cms. 


Output  in  kw.  .  . 
Output  in  kva.*  . 
Terminal  voltage  . 
Style  of  connection 


Current  per  terminal 

Speed R.P.M. 

Frequency • 

Number  of  poles 

Armature  Iron 

Diameter  at  air  gap      D 

Diameter  at  bottom  of  slots   .... 

External  (internal)  diameter  of  lami- 
nations     

Gross  length  between  coreheads     .  Xg 

Number  of  ventilating  ducts  .... 

Width  of  each  duct 

Percentage  insulation  between  stamp- 
ings       

Effective  core  length  (iron) .    .    ,     Xn 

Width  of  the  end  ducts 

Pole  pitch  at  armature  face    .... 


A. 

B. 

c. 

400 

400 

400 

400 

400 

500 

3,000 

3,000 

550 

Y 

Y 

Y 
420 

77 

77 

(525) 

94 

1,500 

3,000 

50 

50 

50 

64 

4 

2 

370 

75 

63.5 

378.4 

81.6 

69.1 

393 

120 

114 

18 

47 

66 

2 

8 

10 

1.27 

1.27 

1.5 

10% 

10% 

10% 

14 

33 

46 

1.27 

1.27 

1.5 

18.2 

59 

100 

D. 


400 

500 

550 

Y 

420 

(525) 

3,000 

50 

2 


55 
49.4 

23 

70 

11 

1.5 

10% 

48.2 

1.5 

86.4 


♦  Designs  A  and  B  are  for  400  kw.  at  power  factor  1.0,  i.e.,  400  kva. 

Designs  C  and  D  are  for  400  kw.  at  power  factor  0.8,  i.e.,  500  kva. 

The  numbera  given  in  brackets  in  columns  C  and  D  relate  to  the  500  kva.  rating. 

The  comparison  is  thus  to  the  disadvantage  of  the  3,000  r.p.m.  bipolar  design,  but 
ab  the  3,000  r.p.m.  design  is  very  constrained  it  is  not  much  larger  than  a  liberally 
designed  400  kva.  machine,  and  hence  the  general  comparisons  are  not  affected  to 
any  serious  extent. 
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SPECIFICATION  FOR  ALTERNATING  CURRENT 
GENERATORS  —  Continued, 


Slots  and  Teeth 

Total  number  of  slots 

Type  of  slot 

Slot  pitch  at  armature  face 

Width  of  slot 

Width  of  slot  opening 

Width  of  tooth  at  armature  face  .  . 
Radial  depth  of  slot 

Armature  Copper 

Number  of  slots  per  pole  per  phase  . 
Number  of  conductors  per  slot  .  .  . 
Section  of  conductor  (true) .  sq.  cms. 
Current   ." Amps. 

Current  density  —  amperes  per  sq.  cm. 

Dimensions  of  conductor  bare  .  .  . 
Thickness  of  slot  insulation 

Number  of  turns  in  series  per  phase  . 
Weight  of  copper  per  phase  .... 
Total  weight  of  armature  copper 
(Metric  tons) 
Armature  strength.  Ampere  turns 
per  pole 

Rotor  Iron 

Diameter  at  pole  face 

Length  of  air  gap 

Pole  pitch  at  pole  face 

Circumferential-  length  of  pole  arc 

Ratio    P^  ^  f  ^  at  pole  face  .... 

pole  pitch 
Gross  axial  length  (parallel  to  shaft) 
Effective  axial  length  of  pole  (iron)  . 
Breadth  of  pole  body  parallel  shaft  . 

Field  Copper 
Total  length  of  winding  space     .    .    . 

Nimiber  of  turns  per  pole 

Nature  of  winding 

Width  of  strip 

Thickness  of  strip 

Insulation  on  bobbin  walls 

Thickness  of  bobbin  cheeks  .... 
Total  cross  section  of  winding  space 

per  pole 

Total  cross  section  of  copper  .... 


A. 

B. 

c. 

D. 

384 

48 

48 

54 

Open 

Open 

Open 

Open 

3.03 

4.92 

4.15 

3.2 

1.45 

2.44 

2.28 

1.7 

1.45 

2.44 

2.28 

1.7 

1.58 

2.48 

1.87 

1.5 

4.2 

3.3 

2.8 

2.8 

2 

4 

8 

9 

8 

9 

1 

1 

0.228 

0.265 

3.2 

2.24 

77 

77 

420 

420 

(525) 

(525) 

340 

290 

131 

188 

(164) 

(235) 

.3X0.175 

5.8dia 

2.0X0.4 

1.4X0.4 

4  in  pari. 

4  in  pari. 

0.254 

0.254 

0.125 

0.125 

512 

72 

8 

9 

0.113 

0.054 

0.10 

0.064 

0.34 

0.163 

0.30 

0.192 

1850 

4,150 

5,050 

5,670 

(6,300) 

(6,8000) 

369 

71.96 

56.5 

61.0 

0.51 

1.52 

3.5 

3.0 

18.1 

56.5 

89.0 

96.0 

12.7 

32.5 

54.6 

47.5 

0.70 

0.575 

0.615 

0.495 

18 

47 

66 

60 

16.2 

47 

66 

60 

9.0 

17.5 

22 

25 

9.5 

12.6 

20.0 

15.0 

40 

300 

156 

Strip 

Sq.  wr. 

Sq.  wire 

. . . 

3.18) 
0.18( 

0.44 

0.635 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

30 

80 

84 

150 

22.6 

57 

63 
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SPECIFICATION  FOR  ALTERNATING  CURRENT 
GENERATORS  —  Continued. 


Field  Copper  —  continued 

Space  factor 

Current  at  full  load  and  cos  ^  »  0.8  . 

Current  density  amps,  per  sq.  cm. .    . 

Resistance  of  all  field  spools  in  series 
ateo^c 

Volts  across  fields  at  above  amps. 

Exciter  voltage      

Weight  of  copper  per  spool    .    .  tons 

Total  weight  of  copper   in  all  field 

spools toiis 

Magnetic  Data.     Volts  per  phase 

Armature  flux  per  pole  (at  normal  volt- 
age) (megalines) 

Leakage  coefficient  (calculated  at  no 
load) 

Flux  in  the  pole  core 


Magnetic  Densities  in 
cm. 

Armature 

Teeth  (corrected)  .    .    . 

Pole  core 

Yoke 

At  pole  face 

Mean  density  in  air  gap 


per  sq. 


Ampere  Turns 

Armature 

Teeth 

Gap 

Pole  core 

Yoke 

Total 

Iron  ampere  turns  in  per  cent  of  total 
Gap  ampere  turns  in  per  cent  of  total 
Losses 

Armature  Copper 

Length  of  mean  turn  (metres)    .    . 

Resistance  per  phase  at  60°  C,    .    . 

Total  PR  loss  at  full  load  cos  «*  =  1 

kw. 
Armaiwre  Iron 

Weight  of  armature  iron  (excluding 
teeth) tons 

Frequency 

Flux  density  —  kilolines  per  sq.  cm. 

Kw.  per  ton 

Total  core  loss kw. 


a. 


0.75 
125 
220 

0.67 

80 

110 

0.0143 

0.920 


1.6 

1.3 
2.1 


7,800 
16,000 
14,400 
6,000 
7,000 
7,800 


40 

105 

8,190 

170 

330 

3,835 

17 

83 


1.08 
0.485 

8.7 


0.96 
50 

7,800 
6.8 
6.5 


B. 

c. 

0.75 

0.75 

38.2 

128 

200 

315 

2.1 

0.197 

80 

40 

110 

60 

0.080 

0.112 

0.325 

0.224 

10.2 

17.0 

1.17 

1.35 

12.0 

22.0 

8,150 

8,200 

17,200 

11,000 

14,700 

15,100 

12,300 

. . . 

6,100 

7,350 

6,800 

5,660 

120 

225 

130 

17 

8,200 

16,000 

225 
100 

350 

8,775 

16,590 

6.0 

3.7 

94 

96.3 

3.20 

4.32 

0.174 

0.00215 

3.1 

1.14 

(1.78) 

1.54 

2.32 

50 

50 

8,150 

8,200 

7.3 

7.4 

11.2 

17.2 

0.75 

iso 

0'.2i6 
0.432 

14.85 


1. 
16. 


11,800 
15,600 
11,000 
13,000 

4,950 


175 

59 

11,860 

212 

820 

13,120 

10 

90 


3.56 
0.00286 

1.51 

(2.37) 

0.560 
50 

11,800 
15.3 
8.67 
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SPECIFICATION  FOR  ALTERNATING  CURRENT 
GENERATORS  —  Continued. 


Teeth 

Weight  of  teeth toDs 

Flux  density 

Kw.  per  ton 

Total  tooth  loss kw. 

Total  iron  loss 

Iron  loss  +  copper  loss  ....  kw. 

Field  Copper 

Excitation  power  at  full  load  cos  ^ 
- 1 kw. 

Excitation  power  at  full  load  cos  ^ 
-0.8 kw. 

Watts  per  sq.  dcm.  of  external  sur- 
face of  field  spool  cos  #  —  1    .    . 

Armature  Heating  Cobpficibnts 
Watts  per  sq.  dcm.  of  armature  surface 
cos^— 1 

(A)  Calculated  on  ;r(Z);i(;+0.7T)     .    . 

(B)  Calculated  on  nDiiq 

(C)  Calculated  on  total  surface .   .    . 

Efficiency  (excluding  bearing  friction 
and  windage.)    ' 
Armature  copper  loss    ....      kw. 

Armature  iron  loss kw. 

Field  copper  loss kw. 

Total  electric  and  magnetic  losses  kw. 

Efficiency  —  full  load  cos  #  «1  .    .    . 

Efficiency  —  half  load 

Inherent  regulation  at  full  load  and 

cos  ^  —  1 

At  full  kva.,  and  cos  ^  =  0.8.    .   .    . 

Constants  and  Coefficients 

Weight  of  active  material   .    .    .  tons 
Weight  of  active  material  per  kva. 

kg. 

Cost  of  active  material $ 

Cost  of  active  material  per  kva.    $ 

DX  Xg  metres DXg 

D^lg  metres D^hg 

Ratio  ^      

Ratio  — 

^ 


0.29 

16,000 

27 

7.8 

14.3 

23.0 


6,800 

10,000 

19.7 


64 
81 
37 


8.7 

14.3 

6.8 

29.8 

92.2 
89.5 

5% 
18% 


4.92 

12.3 
1,192 
3.0 
0.67 
2.46 

1.0 
21.0 


0.11 
17,200 
32.6 
3.6 
14.8 
17.9 


1,810 

2,920 

35 


86 

135 

42 


3.1 

14.8 

1.8 

19.7 

94.5 
92.0 

3% 
18.6% 


3.14 

7.85 
635 
1.59 
0.35 
0.25 

0.83 
1.6 


0.10 

11,000 

13.2 

1.32 

18.52 

19.66 

(20.30) 


3,700 

5,150 

33 


78 

143 

39 


1.14 

(1.78) 

18.5 

3.70 

23.34 

(23.98) 

94.5 

92.6 

3.5% 

16% 

(19%) 

3.72 

9.3 

727 

1.82 

0.42 

0.266 

0.745 
0.96 


0.075 

15,600 

26.8 

2.0 

10.57 

12.08 

(12.94) 


2,200 
9 


51 

88 
57 


1.51 
(2.37) 

10.6 

2.2 

14.31 

(15.2) 

96.5 

95.0 

3.0% 

14% 
(18%) 

3.81 

9.5 

787 

1.97 

0.385 

0.212 

0.78 
0.79 
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SPECIFICATION  FOR  ALTERNATING  CURRENT 
GENERATORS  —  CorUinued. 


Constants  and  Coefficients  —  cont'd 
Output  coefficient $ 

Ampere  conductors  per  cm.  of  peri- 
phery   a 

Flux  (no  load)  per  sq.  cm.  of  armature 
surface ^ 

Peripheral  speed  (metres  per  sec)  .   s 

Watts  per  c.  cm.  of  active  belt  .    .    . 

Ratio  of  (no  load)  field  ampere  turns 
to  armature  ampere  tiutis  .... 

Ratio  of  short  circuit  to  full  load  cur- 
rent      

Kva.  per  pole 

Estimated  total  net  weight  T.W.  tons 

T  W 
Weight  coefficient  -^r—' 

T  W 
Weight  coefficient  -jTr 


1.73 

203 

6;300 

18.1 

4:5 

2.05 

3.0 

6.25 

11.1 
16.6 

4.5 


1.06 

140 

5,250 
56.5 
10.5 

2.1 

3.0 

100 

5.5 
15.7 

22.0 


0.5 

(0,625) 

100 
(126) 

2,570 

88 

13.0 

3.2 

(2.6) 
4.5 

(3.7) 
200 

(250) 
6.5 

15.5 
24.4 


i>. 


0.63 
(0.79) 

130 
(163) 

2,450 
86.5 
14.1 

2.4 

(1.9) 
3.5 

(2.8) 
200 

(250) 

4.56 

11.8 
21.5 


Weights  and  Costs  of  Effectite  Material. 


Weight  in  Tons. 

Ckwt  In  Dollari. 

A. 

B. 

C. 

D. 

A. 

B. 

C. 

D. 

Magnet  cores 

Magnet  shoes 

Bfagnet  yoke 

Annature  laminations  .    . 

|0.96 

1.45 
1.25 

|0.51 

0.50 
1.65 

|o.78 
2.42 

|0.70 

1.85 
0.64 

[     120 

128 
156 

}    64 

62 
206 

1" 

303 

(87 

231 

79 

Effective  iron  (total)     .    . 

3.60 

2.66 

3.20 

3.19 

404 

332 

400 

597 

Armature  copper    .... 
Field  copper 

0.34 
0.92 

0.16 
0.32 

0.30 
0.22 

0.19 
0.43 

212 
576 

103 
200 

187 
140 

120 
270 

Effective  copper  (total)     . 

1.26 

0.48 

0.52 

0.62 

788 

303 

327 

390 

Total  effective  material     . 

4.92 

3.14 

3.72 

3.81 

1192 

635 

727 

787 

In  Figs.  80  to  86,  are  plotted  the  various  quantities  which  it  is 
of  interest  to  study  as  a  function  of  the  speed. 

Fig.  80  shows  the  values  of  D^Xg  and  DXg.  The  points  have  been 
joined  up  mto  smooth  curves,  as  designs  lying  between  93J  R.P.M. 
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and  1500  R.P.M.  would  lie  somewhere  near  such  curves.  The  curves 
have  been  continued  between  the  1500  and  3000  R.P.M.  points, 
although  there  is  strictly  no  point  lying  between  these  two  speeds,  as 
there  is  no  utilizable  number  of  poles  between  2  and  4. 

Fig.  81  shows  the  output  coefficient  f  and  the  coefficients  a  and 
/?,  the  ampere  conductors  per  centimetre,  and  the  flux  per  square 
centimetre  of  armature  periphery  respectively.  The  output  coefficient 
obtained  with  the  2-pole  design  is  much  lower  than  that  for  the  4-pole 
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Fig.  80. —  DXg  and  D^J^g  for  400  kva.  alternators. 


design,  the  latter  being  about  50  per  cent  higher  than  the  former. 
Thus,  although  the  speed  is  double,  the  value  of  D^Xg  is  practically  the 
same  in  the  two  cases.  From  Fig.  80  we  see  that  the  value  of  D^Xg  rises 
rapidly  in  the  lower  speeds  when  the  speed  of  1500  R.P.M.  is  passed. 
The  value  of  DXg  does  not  vary  nearly  so  widely,  and  as  we  shall  see 
later,  this  is  of  interest  in  connection  with  the  weight  coefficients  to 
which  reference  was  made  in  Chapter  II. 

The  points  marked  A  in  these  figures,  represent  the  design  D  for 
a  rotatmg  armature  machine.  We  shall  reserve  to  a  later  stage  a 
thorough  discussion  of  design  C, 
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The  curves  for  a  and  ^  in  Fig.  81  show  that  both  these  quantities 
decrease  at  the  high  speeds.  This  is  to  be  expected,  since  the  product 
of  a  and  P  is  proportional  to  f  (see  Chapter  II),  and  $  is  decreasing. 
The  low  values  for  $,  a  and  p  in  the  2-pole  machine,  are  directly  due 
to  the  very  high  speed.  The  values  of  D  and  ig  cannot  be  further 
decreased,  since  the  heating  coefficients  would  become  excessive,  and 
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there  would  not  be  sufficient  space  for  the  field  winding.  These  cir- 
cumstances necessitate  a  large  value  for  D  and  Xg,  and  consequently 
of  D^ig,  and  a  low  value  for  f .  For  the  same  reasons  the  4-pole  design 
has  a  lower  value  for  $,  although  the  difficulties  here  are  not  nearly 
so  accentuated  as  for  the  2-pole  design. 

Losses  and  Efficiency. —  The  curves  in  Fig.  82  show  the  various 
losses  plotted  individually.    The  total  electrical  and  magnetic  losses 
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decrease  and  the  efficiency  increases  from  the  low  speeds  up  to  1500 
R.P.M.,  but  beyond  this  design,  the  losses  in  the  2-pole  3000  R.P.M, 
machine  are  considerably  greater. 

It  is  interesting  to  investigate  this  point  from  the  individual  curves. 
First,  the  armature  iron  loss  increases  slowly  with  the  speed  until 
the  4-pole  design  is  reached,  and  the  iron  loss  in  the  2-pole  machine 
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Fia.  82.  —  Losses  and  efficiencies  for  400  kva.  alternators. 


is  considerably  higher.  This  is  due  to  the  large  radial  depth  of  the 
laminations,  and  their  consequent  great  weight.  These  Josses  may  be 
considerably  reduced  by  the  employment  of  the  special  grade  low  loss 
iron  referred  to  in  Chapter  IV.  We  have  in  that  chapter  consid- 
ered the  improvements  which  may  be  effected  in  the  design  by  using 
an  iron  of  this  character,  and  have  seen  that  the  principal  drawback 
is  the  increase  in  the  Total  Works  Cost  of  the  machine.    This  increase 
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in  the  Total  Works  Cost  has,  however,  been  shown  to  be  by  no  means 
prohibitive. 

Secondly,  the  field  copper  loss  decreases  with  increasing  speed  on 
account  of  the  smaller  amomit  of  field  copper  required.  Here  again 
we  find  that  the  2-pole  design  has  a  much  higher  field  copper  loss. 
This  is  due  to  the  very  limited  winding  space  available  in  such  a 
design.  The  most  difiicult  problem  in  designs  for  very  high  speed, 
relates  to  the  field  winding.  The  space  available  is  dependent  on  the 
air  gap  diameter,  and  this  is  limited  by  peripheral  speed  restrictions. 
The  current  density,  losses  and  heating  in  the  field  are  thus  neces- 
sarily pushed  very  high,  as  will  be  seen  on  pages  134  and  136  of  the 
specification  for  the  400  kva.  designs. 

The  armature  copper  loss  decreases  with  increase  of  speed  on  account 
of  the  decreased  total  length  of  conductor.  At  this  rating  there  is  no 
restriction  as  to  slot  space  in  the  armature.  Thus  we  see  that  the 
2-pole  design  has  a  considerable  disadvantage  in  connection  with  the 
field  heating,  which  is  further  emphasised  by  the  necessity  for  a  higher 
ratio  of  field  ampere  turns  to  armature  ampere  turns,  as  we  shall  see 
immediately  in  connection  with  the  pressure  regulation. 

On  account  of  the  restricted  diameter,  the  ventilation  of  the  rotor 
becomes  a  very  difiicult  problem  in  the  2-pole  designs. 

Pressure  Regulation.  —  If  the  machines  are  designed  to  the  same 
limits  of  pressure  regulation,  the  ratio  of  field  ampere  turns  to  arma- 
ture ampere  turns  must  be  considerably  higher  in  the  case  of  the  2-pole 
design.  This  is  a  consequence  of  the  lower  saturation  of  the  2-pole 
design,  as  only  a  comparatively  small  proportion  of  the  field  ampere 
turns  can  be  expended  on  the  iron  parts  of  the  magnetic  circuit. 

We  have  explained  in  Chapter  V  the  relation  between  these  quanti- 
ties, and  the  present  cases  may  be  taken  as  concrete  examples  of  the 
conclusions  there  drawn.  The  machines  with  a  low  degree  of  satura- 
tion have  the  advantage  that  for  a  given  regulation  at  0.8  power 
factor,  the  regulation  at  unity  power  factor  is  closer,  but  this  is  not 
sufficient  to  counterbalance  the  large  expenditure  for  field  copper.  If 
in  the  case  of  the  2-pole  design,  the  field  copper  losses  are  reduced  by 
emplojring  a  lower  ratio  of  field  ampere  turns  to  armature  ampere 
turns,  the  regulation  is  seriously  impaired. 

In  Fig.  83  we  have  plotted  the  ratio  of  field  ampere  turns  to  ar- 
mature ampere  turns,  and  also  the  air  gap  ampere  turns  and  the  iron 
ampere  turns  as  percentages  of  the  total  field  ampere  turns.    It  is  seen 
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that  for  the  2-poIe  design  only  4  per  cent  of  the  total  ampere  turns 
are  expended  on  the  iron,  and  the  field  ampere  turns  per  pole  have 
to  be  3.2  times  the  armature  ampere  turns. 

In  Fig.  84  are  plotted  the  armature  strength,  field  strength,  and 
depth  of  air  gap.  If  all  the  machines  had  the  same  degree  of  satura- 
tion, the  air  gap  depth  would  be  proportional  to  the  armature  strength. 
As  the  higher  speed  designs  are  less  saturated,  the  air  gap  depths  are 
greater  than  would  otherwise  be  necessary,  and  consequently  the 
depth  of  the  air  gap  increases  with  the  speed  more  rapidly  than  the 
armature  strength  increases. 
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Fio.  83. —  Air  gap  and  iron  ampere  turns  in  per  cent  of  total  field  ampere  turns, 
and  ratio  of  field  ampere  turns  to  armature  ampere  turns  for  400  kva.  alternators. 


Weight  and  Cost.  —  Fig.  85  shows  the  weight  and  cost  of  the 
effective  material.  It  will  be  seen  that  both  these  quantities  reach 
a  minimum  at  a  speed  of  1500  R.P.M.  corresponding  to  the  4-pole 
design.  The  2-pole  3000  R.P.M.  design,  although  of  double  the  speed, 
has  considerably  greater  weight  and  cost  than  the  4-pole  1500  R.P.M. 
design.  The  causes  to  which  this  is  due  will  be  seen  from  the  table 
of  component  weights  and  costs  at  the  end  of  the  specification,  on  page 
137.  The  chief  differences  are  in  the  armature  iron,  which  weighs  2.4 
tons  in  the  2-poIe  as  against  1.6  tons  in  the  4-pole  design;  and  in  the 
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armature  copper,  which  is  0.50  ton  against  0.16  ton.  These  are 
directly  accounted  for  by  the  large  pole  pitch,  which  is  88  cms.  in 
the  2-pole  and  59  cms.  in  the  4-pole  design.' 

In  Fig.  86  are  plotted  the  estimated  total  net  weights.  These  are 
obtained  by  assuming  an  appropriate  value  for  the  weight  factor  which 
is  taken  from  the  curve  in  Fig.  10,  Chapter  II.  The  total  weight  of 
the  2-pole  machine  is  6.5  tons  against  5.5  tons  for  the  4-pole  machine. 
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Fio.  84. — Annature  and  field  strengths,  depth  of  air  gaps,  and  kilowatts 
per  pole  for  400  kva.  alternators. 

The  93|  R.P.M.  machine  weighs  11  tons,  or  only  55  per  cent  more 
than  the  3000  R.P.M  machine.  Designs  for  other  speeds  will  lie  some- 
where near  the  curve  which  has  been  drawn  in.  Thus,  a  3000  R.P.M, 
machine  would  weigh  about  the  same  as  one  for  1000  R.P.M. 

It  is  interesting  to  compare  these  results  with  those  arrived  at  by 
Behrend  and  already  given  in  Fig.  66,  on  p.  93  of  Chapter  VI.  Beh- 
rend's  curve  relates  to  1000  kw.  25-cycle  generators,  and  it  is  seen  that 
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the  speed  for  minimum  weight  is  about  750  R.P.M.,  corresponding  at 
this  periodicity,  to  a  4-pole  design.  This  machine  weighs  17  tons, 
whereas  a  2-pole  1500  R.P.M.  design  weighs  26  tons,  which  is  about  the 
same  weight  as  a  250  R.P.M.  design.  We  see  that  in  both  cases  the 
bipolar  machine  is  much  heavier,  and  it  is  evident  that  the  weight  is 
more  dependent  on  the  number  of  poles  than  on  the  actual  rated 


600  1000  1500  aOOO  3000 

Bated  Speed  in  Revs,  per  Minute 

Fig.  85.  —  Weight  and  cost  of  effective  material  for  400  kva.  altematore. 

speed.  The  weight  is  thus  dependent  on  the  frequency  associated  with 
the  speed. 

A  1500  R.P.M.  50-cycle  machine  for  1000  kw.  with  4  poles,  would 
show  a  considerably  less  weight  than  26  tons,  which  is  Behrend's 
weight  for  a  1500  R.P.M.  2-pole  25-cycle  1000  kw.  generator. 

The  above  conclusions  relating  to  2-pole  designs,  taken  in  addi- 
tion to  their  inferior  electrical  qualities,  and  the  difficulties  of 
mechanical  construction  and  ventilation,  render  such  designs  con- 
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siderably  inferior,  and  not  to  be  preferred  to  designs  with  more  poles 
and  for  slower  speeds.  For  small  rated  outputs,  4-pole  designs  are 
quite  favourable,  and  for  large  rated  outputs  it  may  be  found  that 
6  poles  or  8  poles  are  more  suitable.  Further  reference  will  be  made 
to  this  matter  in  the  two  following  chapters. 

In  spite  of  the  above  considerations,  there  is  a  tendency  in  certain 
quarters  to  give  preference  to  a  bipolar  design  on  account  of  the 
advantages  that  may  be  obtained  by  employing  the  higher  speed 
for  the  steam  turbine.  Some  manufacturers  produce  bipolar  machines 
of  weight  and  cost  not  greater  than  four-pole  machines  of  the  same 
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FiQ.  86.  —  Total  net  weight  and  weight  coefficients  for  400  kva.  altematon. 

rated  output,  but  in  view  of  the  above  conclusions,  it  is  evident  that 
such  economy  is  obtained  only  by  sacrificing  the  operating  qualities. 
In  such  designs  forced  draught  ventilation  is  practically  an  absolute 
necessity  in  order  to  ensure  a  temperature  rise  within  the  normal 
limits. 

By  way  of  further  illustration  of  the  characteristics  of  bipolar  de- 
signs, and  for  the  purpose  of  comparison  with  the  above  design,  there 
are  tabulated  below  the  principal  data  for  three  designs  built  respect- 
ively by  the  Westinghouse  Co.,  Messrs.  Brown,  Boveri,  &  Co.,  and 
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Kolben  &  Co.    The  rated  outputs  and  speeds  of  these  are  near  those 
of  the  designs  already  given  in  this  chapter. 


TABLE  25. 

Data  for  Bipolar  Alternators. 


Rated  output kva. 

Terminal  voltage 

Speed R.P.M. 

(fumber  of  poles 

Frequency 

Diameter  at  air  gap      D 

Armature  gross  core  length  .  ^ 

Output  coefficient      ^ 

Penpheral  speed  (m/sec.)     .    .    .    .  S 

Pole  pitch        T 

Ratio  Xg/x       

Ratio  2>/;i^ 

L^Xg  metres 

DXg  metres     

Flux  per  pole  me^alines 

Radial  depth  of  air  gap 

No.  of  stator  slots 

No.  of  stator  slots  per  pole  per  phase. 
No.  of  stator  ventilating  ducts    .    .    . 

Width  of  each  duct 

Armature  net  core  length     .    .    .    .Xn 

Ratio  Xn/Xg 

Total  flux  from  all  poles 

Flux  per  sq.  cm.  of  air  gap  surface .  p 

Ampere  conductors  per  cm.     ...  a 

Armature    strength  —  (ampere  turns 

per  pole) 


Kolben. 


300 

3666 

2 

50 

458 

630 

0.75 

72 

720 

0.87 

0.73 

0.13 

0.29 

18 

1.2 


30 


WeBtinghouse  Go. 

Brown, 

Boveri. 

400 

550 

400 

2000 

3600 

3000 

2 

2 

60 

50 

600    550 

600 

700    750 

740 

0.44  0.44 

0.63 

113     105 

93 

943    865 

943 

0.74  0.87 

0.78 

0.86  0.73 

0.81 

0.25  0.23 

0.265 

0.42  0.41 

0.44 

2.5 

36 

6 

11 

11 

57 

0.79 

Autliors. 


^00 

550 

3000 

2 

50 

635 

660 

0.625 

85 

88 

0.74 

0.96 

0.27 

0.42 

17 

3.5 

48 

8 

10 

15 

46 

0  69 

?A 


In  the  machine  in  the  second  column,  the  field  winding  is  distributed 
in  16  slots  or  8  slots  per  pole.  Each  slot  is  70  mm.  deep  and  20  mm. 
wide.  The  mouths  of  the  slots  are  closed  by  wedges  20  mm.  thick. 
The  rotor  is  provided  with  three  ventilating  ducts. 

The  following  are  some  test  results  on  a  500-kva.  60-cycle  3600 
R.P.M.  2-pole  Westinghouse  turbo-alternator.  The  data  of  these 
tests  was  published  in  the  "Street  Railway  Journal"  for  Dec.  29, 
1906,  Vol.  XXVIII,  p.  1174.  From  the  test  figures  we  have  deduced 
and  plotted  the  characteristic  curves  in  Figs.  87-90. 

In  making  the  iron  loss  test  and  the  short  circuit  loss  test,  the 
turbo-alternator  was  belted  to  a  continuous  current  motor  and  was 
driven  at  its  normal  speed  of  3600  revolutions  per  minute.  The 
combined  efficiency  of  the  motor  and  of  the  driving  belt  system  was 
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considered  as  constant,  hence,  in  this  case,  the  iron  loss  and  short 
circuit  loss  were  obtained  by  deducting  from  the  input  to  the  motor 
when  the  alternator  was  running  loaded,  the  input  to  the  motor  when 
it  was  running  on  no  load.  The  remainders  of  course  give  the  com- 
ponent losses. 

TABLE  26. 
Core  Loss  Test  on  500  kva.  60  Ctcle  3600  r.p.m.  2-Pole  Alternator. 


Motor.  —  52S  Volta.    3.36  Amperes  In 
Field. 

Generator —  Speed,  3600  B.P.M. 

Amperes 
Armature. 

Kw.  Input 
to  Motor. 

A.  C.  Volts 
Armature. 

Amperes  in  Field. 

Core  Loss  kw. 

52 
55 
59 
64 
69 
77 
85 
100 
110 

27.3 
28.8 
31.0 
33.6 
36.2 
40.5 
44.6 
52.5 
57.8 

0 
395 
795 
1192 
1600 
1995 
2300 
2700 
2865 

0 

8.0 
15.25 
23.0 
30.8 
39.0 
46.5 
58.2 
65 

0 

1.6 

3.8 

6.3 

8.9 

13.2 

17.3 

25.2 

30.5 

In  Table  26  are  given  the  motor  and  generator  readings  for  the 
iron  loss  test,  and  from  these  the  curves  of  Figs.  87  and  88  have 
been  plotted.  In  Fig.  87  the  no  load  saturation  curve  has  been 
plotted.  This  shows  the  voltage  on  open  circuit  as  a  function  of  the 
field  excitation  amperes.  In  Fig.  88  the  iron  loss  has  been  plotted 
against  the  volts  on  open  circuit. 

In  the  determination  of  the  iron  loss  for  a  terminal  pressure  of  2300 
volts  for  different  loads  and  at  unity  power  factor,  this  loss  has  been 
taken  equal  to  that  at  2300  volts  on  open  circuit,  as  the  internal 
voltage  drop,  for  loads  within  the  ordinary  range  of  loading,  is  m  this 
case  fairly  small,  and  it  is  convenient  to  take  the  loss  as  independent 
of  the  load.  On  reference  to  the  curve  of  Fig.  88,  this  loss  is  found 
to  be  equal  to  17.3  kw. 

Field  Excitation  PR  Loss.  —  The  excitation  current  required  to 
maintain  a  constant  terminal  voltage,  varies  with  the  load  and  with 
the  power  factor.  At  no  load  the  excitation  current  is  that  required 
to  overcome  the  saturation  of  the  magnetic  circuit,  but  when  loaded, 
this  excitation  current  has  to  be  increased  by  an  amount  equal  to 
that  required  to  overcome  the  armature  demagnetisation  and  dis- 
tortion, and  also  the  impedance  drop. 


148 


400  KVA.  DESIGNS. 


In  the  tests  as  set  forth  in  the  "Street  Railway  Journal/'  the  vol- 
tage regulation  at  full  load  and  unity  power  factor  was  given  as 
9.8  per  cent,  and  that  at  full  load  and  80  per  cent  power  factor  as 
23.6  per  cent.  Therefore  the  excitation  ciurent  required  to  main- 
tain normal  Voltage  of  2300  volts  on  full  load  at  unity  power  factor 
would,  if  the  generator  were  working  on  no  load  or  on  open,  circuit, 
produce  a  terminal  voltage  equal  to  about, 

2300  +^X  2300  =  2850  volts. 
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Fig.  87.  —  No  load  saturation  curves  of  500  kva.  3600  r.p.m.  60  cycle  2-pole 
4000  volt  alternator. 

On  reference  to  the  saturation  curve  in  Fig.  87,  the  excitation  cur- 
rents corresponding  to  these  two  voltages  are  found  to  be  53  and  64 
amperes  respectively.    The  excitation  regulation  is  equal  to 

64-53 


53 


X  100  =  20% 


This  value  is  low  on  account  of  the  low  degree  of  saturation  and 
the  large  proportion  of  the  field  excitation  which  is  expended  on  the 
air  gap. 
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The  American  Institute  of  Electrical  Engineers  in  its  Standardisa- 
tion Rules,  recommends  that  the  eflSciency  of  an  alternating  current 
generator  shaU  be  specified  as  that  attained  at  full  load  at  imity 
power  factor,  hence  the  excitation  current  at  full  load  should  be 
taken  as  53  amperes. 

The  resistance  of  the  field  circuit  at  the  temperature  corresponding 
to  continuous  operation  is  given  as  equal  to  1.48  ohms.  The  field 
PR  loss  is,  therefore,  at  full  load,  equal  to, 

1-48  X  (53)*  =  4.15  kw. 
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Fio.  88. —  Cunres  of  iron  loss  for  various  voltages  on  open  circuit  for  500  kva. 
3000  r.p.m.  60  cycle  2-pole  4000  volt  alternator. 


At  no  load  the  field  excitation  current  required  for  a  normal  termi- 
nal voltage  of  2300  volts  is  found,  by  reference  to  Fig.  87,  to  be  equal 
to  46.5  amperes.  The  field  PR  loss  is,  therefore,  at  no  load,  equal 
to  1.48  X  (46.5)*  =  3.2  kw. 

In  the  Standardisation  Rules  above  referred  to,  it  is  recommended 
that  the  PR  loss  in  the  field  regulating  rheostat  be  charged  to  the 
whole  plant  and  not  to  the  generator  considered  separately. 

In  Table  27  are  given  the  motor  and  generator  readings  for  the 
short  circuit  loss  test,  and  from  these  the  curve  (a)  of  Fig.  89  has 
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been  plotted.    This  shows  the  relation  between  the  short  circuit 
loss  in  kilowatts  and  the  armature  amperes  per  phase.    The  total 


TABLE  37. 

Short  Circuit  Test  on  500  kva.  60  Cycle  3600  r.p.m.  2-Pole  Alternator. 


Motor. — 626  Volts.    3^  Amperes  in 
Field. 

Generator.  -  Speed,  8600  B.P.M. 

Amperes  in 
Armature. 

Kw.  Input  to 
Motor. 

Amperes  in 
Armature 
per  Phase. 

Amperes  in 
]^ld. 

Total  TiOfM 

on  Short 

Circuit. 

52 
56 
61 
66 
77 
10 

27.3 
28.8 
32.3 
35.7 
40.5 
5.0 

0                             0 

64                           12.2 

127                          24.5 

154                          30.2 

191                         37.4 

Belt  off 

0 

1.5 

5.0 

8.4 

13.2 

short  circuit  loss  for  various  armature  currents  as  entered  in  Table 
27,  and  plotted  in  curve  (a)  Fig.  89,  includes  the  armature  PR  loss. 
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Fig.  89.  —  Curves  of  short  circuit,  armature  PJ?,  and  load  iron  loss  on  short  circuit 
for  500  kva.  3000  r.p.m.  60  cycle  2-pole  400  volt  alternator. 

The  curve  (c)  has  been  drawn  showing  the  total  calculated   arm- 
ature PR  loss  plotted  against  the  armature  amperes  per  phase. 
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The  differences  between  these  two  losses  at  various  annature  currents 
are  represented  by  the  curve  (6)  in  Fig.  89.  Curve  b  therefore 
represents  the  load  core  loss  of  the  alternator  when  running  under 
short  circuit  conditions. 


Iron  Loss 


} Friction  and 
Windage 
Loss 


I L 


Output  in  Kilo  Volt  Amperes 
■       '       '       '       '       '       III! 
25  CD 


75  100 

Amperes 


125 


150 


175 


Fio.  90. —  Curves  for  losses  and  efficiency  of  500  kva.  3600  r.p.m.  60  cycle  2-pole 

400  volt  alternator. 


The  load  core  loss  under  working  conditions  for  various  armature 
currents  has,  as  already  mentioned,  been  taken  at  the  value  corre- 
sponding to  short  circuit  conditions  for  the  same  armature  current. 

The  friction  loss  was  not  determined  in  these  tests.  It  has  here 
been  assumed  to  have  been  equal  to  4  kilowatts  (i.e.,  to  eight-tenths 
of  one  per  cent  of  the  rated  output). 
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In  Fig.  90,  the  component  losses  have  been  brought  together  and 
plotted,  for  a  constant  terminal  pressure  of  2300  volts,  as  a  function 
of  the  load  in  kilovolt-amperes  at  unity  power  factor  and  of  the 
amperes  per  phase.  The  machine  has  an  air  gap  depth  of  3.8  centi- 
metres m  inches).  The  values  obtained  for  the  pressure  regulation 
on  full  load  at  power  factors  1.0  and  0.8  are  set  forth  in  Table  28: 


TABLE  ^8. 

Rbqulation  Tests  on  500  kva.  Bipolab  Alternator. 


Voltage. 

Begulatlon  Per  Cent. 

Machine  L 

Machine  II. 

1.0 
1.0 
0.8 
0.8 

2300 
2000 
2300 
2000 

9.8 

14.0 

23.6 

•   33.0 

10.6 
16.0 
25.6 
34.5 

These  figures  are  very  poor  compared  with  the  standards  given  in 
Chapter  V,  and  they  bear  out  the  conclusions  drawn  and  the  state- 
ments made  above. 

BIPOLAR  ROTATING  ARMATURE  ALTERNATORS. 

In  column  D  of  the  specifications  on  pages  133  to  137,  there  is  set 
forth  a  rotating  armature  design  for  3000  R.P.M.  and  2  poles,  as  an 
alternative  to  the  rotating  field  design  in  column  C.  These  two 
designs  will  constitute  a  basis  for  investigation  of  the  applicability  of 
rotating  armature  designs  to  bipolar  alternators. 

We  have  seen  that  the  principal  difficulty  in  connection  with  the 
2-pole  design  is  the  cramping  of  the  field  winding  space.  On  page 
135,  it  may  be  noted  that  whereas  in  the  4-pole  design  the  armature 
copper  weighs  0.16  ton  and  the  field  copper  0.32  ton,  in  the  2-pole 
design  the  armature  copper  weighs  0.30  ton  and  the  field  copper 
only  0.22  ton.  Since  the  field  ampere  turns  are  several  times  the 
armature  ampere  turns,  it  would  seem  rational  to  use  as  the  armature 
the  rotating  element  on  which  the  winding  space  is  very  restricted. 
Such  designs  are  outlined  at  the  right  in  Fig.  78,  there  being  shown 
two  types  of  frame,  the  one  circular  and  the  other  rectangular.  There 
is  ample  room  for  the  armature  copper  and  the  current  density  is  only 
250  amperes  per  square  centimetre. 
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A  further  advantage  realised  in  the  rotating  armature  design,  is 
that  the  lengths  of  the  magnetic  paths  in  the  poles  and  yoke  are  much 
greater,  and  a  higher  degree  of  saturation  is  obtained.  In  design  C 
the  iron  accounts  for  only  4  per  cent  of  the  total  field  ampere  turns, 
while  in  design  D  the  iron  accounts  for  10  per  cent,  as  will  be  seen 
from  the  saturation  curves  in  Figs.  91  and  92.    Thus  for  the  same 
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Fig.  01. —  Saturation  curve  for  400  kva.  3-pha8e  2-poIe  3000  r.p.m.  50  C3rcle  550  volt 
alternator  (rotating  field). 


regulation,  a  considerably  lower  ratio  of  field  to  armature  ampere 
turns  may  be  employed  in  design  D.  As  the  field  coils  in  design  D 
are  stationary,  they  must  be  more  liberally  proportioned  on  account 
of  heating.  Hence  the  weight  of  the  field  copper  in  design  D  is  0.43 
ton  against  0.19  in  design  C.  The  total  weight  of  copper  in  D  is, 
however,  only  0.62  ton  against  0.52  in  C.    This  comparatively  small 
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increase  in  outlay  for  copper  greatly  facilitates  the  design  problem, 
especially  the  question  of  heating  of  the  field  copper. 

The  other  chief  advantage  of  the  rotating  armature  design  lies  in 
the  large  reduction  in  weight  of  armature  laminations  and  conse- 
quently armature  core  loss  and  heating.  The  weights  of  armature 
laminations  are  0.64  ton  for  design  D,  and  2.42  tons  for  design  C. 
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Fig.  92. —  Saturation  curve  for  400-kya.  3-phafie  2-pole  3000  r.p.m.  50  cycle  550 
volt  alternator  (rotating  armature). 


The  total  core  loss  is  10.5  kw.  for  design  D  against  18.5  for  C,  and 
the  armature  heating  107  watts  per  square  decimetre  for  design  D, 
as  against  156  watts  per  square  decimetre  for  design  C. 

A  larger  amount  of  material  is  of  course  required  in  the  field  system, 
so  that  the  total  weight  and  cost  of  effective  material  come  out 
rather  greater  for  the  rotating  armature  design.    This  is  offset  by 
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its  better  electrical  quality,  and  further  by  the  fact  that  the  total 
weight  is  considerably  less,  as  no  stator  frame  is  required  in  the  case 
of  the  rotating  armature  design. 

The  weight  factor  for  design  D  is  taken  as  1.25,  and  for  design  C 
1.75,  giving  total  net  weights  of  4.6  tons  and  6.5  tons  respectively. 

Further  comparisons  between  the  rotating  armature  and  rotating 
field  bipolar  designs  may  be  drawn  from  the  curves  in  Figs.  80-86, 
in  which  the  points  corresponding  to  design  D  have  been  indicated 
thus  ®  and  marked  A. 


CHAPTER  IX. 

STUDY  OF  THE  INFLUENCE  OF  SPEED,  NUMBER  OF  POLES  AND 

FREQUENCY,   ON  OUTLINE  DESIGNS  FOR  3000  KVA. 

ALTERNATORS  FOR  VARIOUS  SPEEDS. 

In  order  to  obtain  a  fair  idea  as  to  the  effect  of  the  rated  speed  on 
the  characteristics  of  fairly  large  alternating  current  generators,  as 
regards  design  and  quality,  we  have  in  this  chapter  compared  the 
designs  for  a  3000  kva.  3-phase  25-cycle  11,000-volt  alternator  for 
speeds  ranging  from  750  R.P.M.  with  4  poles  down  to  83  R.P.M.  with 
36  poles.  Further,  we  have  taken  designs  for  the  same  rating,  but 
for  a  frequency  of  50  cycles  and  for  speeds  of  750,  1000,  and  1500 
R.P.M.  with  8,  6,  and  4  poles  respectively.  These  designs  tend  to 
show  that  the  cost  and  quality  of  the  design  do  not  depend  so  much 
on  the  actual  rated  speed  as  on  the  number  of  poles  associated  with 
the  speed,  i.e.,  on  the  frequency  associated  with  the  speed.  We  are 
led  in  fact  to  conclusions  similar  to  those  arrived  at  in  the  previous 
chapter. 

In  Chapter  X  we  shall  study  a  6000  kva.  rating,  and  shall  develop 
comparative  designs  for  a  constant  speed  of  750  R.P.M.,  but  with 
frequencies  of  25,  37.5,  and  50  cycles  corresponding  to  4,  6,  8  poles. 
These  designs  will  also  show  that  the  more  important  factor  is  the 
number  of  poles,  and  this  is  again  observed  in  the  case  of  the  400 
kva.  designs  in  Chapter  MIL 

Each  of  these  groups  will  ultimately  be  discussed.  At  this  point 
we  are  concerned  with  the  influence  of  the  single  element  of.  speed  for 
a  given  rated  output  and  frequency.  On  pages  168  to  170  are  given 
specifications  for  3000  kva.  25  cycle  11,000  volt  3-phase  alternators 
for  the  following  speeds  and  number  of  poles: 

Number  of  poles 4 

Speed  R.P.M 7,50 

This  range  of  speeds  covers  the  practicable  range  for  a  ratmg 
of  3000  kva.     The  next  lowest  probable  speed  may  be  taken  as 
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75  R.P.M.,  but  a  design  at  such  a  speed  has  an  abnormally  large 
diameter  and  is  in  almost  all  respects  an  undesirable  design.  The 
next  highest  possible  speed  is  1500  R.P.M.  with  2  poles.  A  design  at 
this  speed  should  not  be  called  for,  as  a  turbine  for  3000  kva.  should 
preferably  not  be  built  to  run  at  a  speed  higher  than  1000  R.P.M. 
Such  a  design  would  also  be  very  difficult  and  inferior,  as  we  shall 
see  at  a  later  point  where  we  have  roughly  determined  the  principal 
features  of  the  design.  It  is  also  seen  from  Chapter  VIIT,  that 
2-pole  alternators  are  beyond  the  limits  of  good  designs. 

Before  proceeding  with  a  critical  comparison  of  the  six  alternators, 
we  shall  indicate  the  method  of  procedure  adopted  in  developing  the 
designs.  This  is  practically  identical  with  that  outlined  in  Chapter 
VII,  but  the  procedure  in  obtaining  preliminary  designs  for  the  whole 
group  simultaneously  is  interesting.  In  developing  such  a  group  of 
designs,  the  principal  dimensions  and  quantities  may  be  simultan- 
eously determined  for  all  the  designs  and  carried  along  in  parallel 
columns.  This  has  been  done  so  far  as  the  preliminary  designs  are 
concerned,  but,  after  a  certain  point  at  which  refinements  in  each 
design  become  necessary,  each  has  been  taken  individually  and  the 
best  design  for  the  particular  case  has  been  obtained.  Thus  the 
designs  are  worked  out  with  reference  to  one  another  only  in  the  early 
stages;  and  before  arriving  at  the  final  designs,  so  much  independent 
work  has  been  done  on  each  without  reference  to  the  others,  that  the 
ultimate  results  may  be  taken  as  constituting  a  very  fair  comparison. 

Main  Dimensions. 

Following  the  procedure  given  in  Chapter  VII,  a  value  for  the 
output  coefficient  f  is  firat  chosen  from  the  curves  in  Fig.  3.  The 
values  of  f  corresponding  to  the  final  designs  will  be  found  on  page  170 
and  these  are  not  widely  different  from  the  values  indicated  in  the 
curves,  although  they  have  been  adjusted  to  correspond  to  the 
revised  designs. 

The  gap  diameter  D  is  assigned  a  preliminary  value  from  the 
curves  in  Fig.  69.  The  actual  values  finally  employed  are  shown 
on  page  168,  and  these  again  are  fairly  close  to  the  values  originally 
obtained  from  the  curves  for  purposes  of  the  preliminary  stages 
of  the  design.  Having  now  values  for  f  and  D,  we  may  at 
once  obtain  the  values  for  the  armature  gross  core  length  ig.    The 
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ratios  -2  and  -r-  are  now  tabulated,  and  an  inspection  of  these  will 

reveal  any  radically  faulty  assumptions  in  the  dimensions,  and  if 

necessary  the  values  of  D  and  Xg  may  be  readjusted.    The  ratio  -^  is 

entered  on  p.  170,  and  it  will  be  seen  that  its  value  varies  from 
1.25  in  the  36-pole  (83  R.P.M.)  design  to  2.1  in  the  4-pole  (750 
R.P.M.)  design.    It  is  not  practicable  in  a  machine  of  this  rating 

to  reduce  -"^  to  a  still  smaller  value  in  order  to  give  a  better  shape  to 

the  magnet  core  section,  as  this  would  lead  to  excessively  large  di- 
ameters, entailing  in  the  high  speed  machines,  impracticably  high 
peripheral  speeds,  and  in  the  low  speed  machines,  an  excessive 
amount  of  structural  material  for  the  frame  and  fly-wheel,  and  as  a 
consequence  high  Total  Works  Cost. 

Armature  Turns  and  Flux.  —  Having  now  determined  the  main 
dimensions  D,  X^  and  r,  we  next  require  to  settle  relative  values  for 
the  armature  turns  and  the  flux.  We  may  either  assume  values  for  a, 
the  ampere  conductors  per  centimetre  of  armature  periphery,  or 
for  )9,  the  flux  per  square  centimetre  of  total  air  gap  surface.  For 
this  group  of  designs  we  may  for  a  preliminary  value  take  ^  =  5000, 
and  so  adjust  the  actual  values  obtained  for  the  flux  per  pole,  as  to 
suit  the  nearest  whole  number  of  turns  per  phase.  It  would  be  more 
correct  to  take  lower  values  for  ^  in  the  machines  having  lower  out- 
put coefficients,  but  as  the  range  of  values  for  f  is  not  large,  a  uniform 
value  for  /?  may  be  assumed,  as  this  will  enable  us  to  determine  the 
flux  per  pole  for  all  the  designs  simultaneously. 

The  flux  per  pole  in  megalines  is  Jlf  =  prXg  X  10^.  If  ^9  =  5000, 
M  =  0.005  xXg  megalines.  This  gives  the  following  values  for  M  for 
the  six  designs  taken  in  order:  77,  60,  44,  30, 17, 12. 

The  number  of  turns  per  phase,  T,  now  follows  from  the  relation 
V  =  4.44  TNM  X  10"'. 

We  have  V  =  6350  volts  per  phase  and  N  =  25, 

.    ^  _    6350  X  100         5700 
4.44  X  25  X  M  "    M 

This  gives  the  following  preliminary  values  for  T:  74,  95, 130,  190, 
336,  474.  The  precise  number  of  turns  must  be  so  chosen  as  to 
give  an  even  number  of  conductors  per  slot. 
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Number  of  Slots  and  Conductors  per  Slot. —  The  number  of  slots 
per  pole  per  phase  is  shown  in  Table  29,  and  ranges  from  5  in  the 
4-pole  design  to  2  in  the  36-pole  design.  These  values  correspond 
to  an  average  slot  pitch  of  about  6.5  centimetres,  and  a  total  number 
of  slots  ranging  from  60  to  216. 

In  this  table  there  are  also  shown  the  number  of  conductors  per 
slot  leading  to  the  numbers  of  turns  per  phase  corresponding  most 
nearly  to  the  values  obtained  above  from  the  assumed  value  of  /?. 
The  values  for  T  are  very  close  to  those  originally  obtained,  and  we 
are  now  able  to  correct  the  values  of  the  flux  M  in  accordance  with 
the  actual  number  of  turns  per  phase.  This  has  been  done,  and  the 
corrected  values  for  the  flux  are  entered  up  in  Table  29. 


TABLE  29. 

Showing  Number  op  Slots,  Conductors  per  Slot,  Turns  and  Flux. 


Speed  

Number  of  poles  .  .  . 
Slots  per  pole  per  phase 

Slots  per  pole 

Total  number  of  slots 

Slot  pitch 

Slots  per  phase  .... 
Conductors  per  slot  .  . 
Conductors  per  phase.  . 
Turns  per  pnase  .... 
Revised  value  for  flux  M 


760 

600 

376 

260 

126 

4 

6 

8 

12 

24 

5 

4 

4 

3 

2 

15 

12 

12 

9 

6 

60 

72 

96 

108 

144 

6.28 

6.6 

5.9 

6.67 

8.3 

20 

24 

32 

36 

48 

7 

8 

8 

10 

13 

140 

192 

256 

360 

624 

70 

96 

128 

180 

312 

81 

59 

45 

32 

18.7 

83 

36 

2 

6 

216 

7.3 

72 

13 

936 

468 

12.5 


Size  of  Magnet  Cores.  —  The  dimensions  of  the  magnet  cores  are 
determined  from  the  flux  in  the  magnet  cores  and  the  suitable  density. 

The  leakage  coefficients  assumed,  range  from  1.20  in  the  4-poIe 
design  to  1.35  in  the  36-pole  design.  These  values  are  afterwards 
checked  from  the  dimensions  of  the  magnet  cores  and  the  excitation  on 
each  pole.    The  method  is  described  on  page  76,  Chapter  V. 

If  on  checking  the  values  by  this  method,  a  wide  divergence  is  found, 
the  flux  in,  and  the  size  of,  the  magnet  core  must  be  readjusted.  In 
all  these  machines,  laminated  magnet  cores  are  taken,  and  a  flux 
density  in  the  pole  of  14,500  lines  per  square  centimetre  has  been 
taken  throughout.  The  magnetic  cross  section  of  the  core  is  given 
by  the  flux  divided  by  the  density.  Dividing  the  cross  section  by  the 
net  axial  length  of  the  magnet  core  parallel  to  the  shaft,  the  breadth  c, 
normal  to  the  shaft  is  obtained. 

These  steps  are  set  forth  in  Table  30. 
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TABLE   30. 

Determination  of  Dimensions  of  Magnet  Core. 


Speed 

Number  of  poles      

Leakage  coefficient 

Flux  in  magnet  core 

Magnetic  section 

Net  axial  length  of  magnet  core 
Breadth  c  of  magnet  core  .    .    . 


760 

600 

376 

260 

126 

4 

6 

8 

12 

24 

1.2 

1.2 

1.2 

1.25 

1.3 

97 

71 

54 

40 

24 

6700 

4900 

3700 

2150 

1650 

19S 

147 

118 

95 

65 

34 

33.5 

31.5 

2D 

25 

83 

36 
1.35 

17 
1170 

52 
21.5 


Magnet  Yoke.  —  The  magnetic  density  which  may  be  permitted 
in  the  yoke  depends  on  the  material  employed.  This  in  turn  is 
dependent  on  the  type  of  construction,  which  again  is  largely  con- 
trolled by  the  number  of  poles  and  the  speed. 

For  the  4-pole  design  we  may  have  a  forged  solid  steel  hub  with 
the  laminated  poles  dovetailed  into  planed  longitudinal  recesses. 

For  the  6-pole  design  a  laminated  hub  has  been  taken,  as  this  will 
permit  of  providing  ventilating  tunnels  in  the  stampings  at  the  cor- 
ners of  the  hub  (see  the  6-pole  rotor  illustrated  on  pages  264  and  265). 

The  8-pole  machine  has  a  laminated  steel  yoke  with  the  pole  and 
portion  of  the  yoke  in  one  stamping  similar  to  the  structure  illus- 
trated on  page  275,  Chapter  XI. 

The  12-pole  machine  might  also  be  built  on  this  plan,  but  for  this 
machine  and  for  the  24-  and  36-pole  designs  a  cast  iron  yoke  is  shown. 
The  dimensions  of  the  yoke  section  are  determined  in  the  same  way 
as  those  of  the  magnet  cores,  and  are  set  forth  in  Table  31. 


TABLE    31. 

Determination  of  Dimensions  of  Yoke. 


Material  of  Yoke. 

Wrought 
Steel. 

Lami- 
nated 
Steel. 

nated 
Steel. 

CaPt 
Irou. 

Ca«t 
Iron. 

Cast 
Iron. 

Speed  

Number  of  poles 

Flux  density 

Magnetic  cross  section      .    .    . 
Len^h  axially  (effective)    .    . 
Radial  depth    ^ 

760 

4 

i98 
18 

600 

6 

140 
30 

376 

8 

14,500 

1,860 

118 

16 

260 

12 

6000 

3330 

115 

29 

126 

24 

6000 

1950 

85 

23 

83 

36 
6000 
1350 

70 
19.5 

For  the  8-,  12-,  24-,  and  36-pole  designs,  the  cross  section  of  the  yoke 
may  be  determined  from  the  appropriate  density.  For  the  4-  and 
6-pole  designs,  however,  the  yoke  section  extends  down  to  the  shaft. 
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and  the  radial  depth  entered  in  the  table  is  obtained  from  outline 
sketches  of  the  machine  (see  Figs.  93  and  94).  In  these  two  cases  the 
yoke  section  is  too  indefinite  to  permit  o^  calculation  and  may  be 
ignored  in  the  magnetic  calculations. 

The  diameter  of  the  yoke  is  determined  by  the  radial  length  of 
the  magnet  cores.  This  is  fixed  by  the  space  required  by  the  field 
copper,  which  should  be  estimated  at  this  point,  as  the  question  of 
whether  or  not  to  proceed  with  the  design  as  evolved  up  to  this  stage, 
depends  on  whether  the  requisite  amount  of  field  copper  can  be 
got  into  the  available  space. 

Field  Copper. — The  approximate  number  of  ampere  turns  required 
on  each  field  pole  piay  be  determined  from  the  armature  strength  with 
a  degree  of  accuracy  sufficient  for  the  present  prelimmary  purpose. 
The  determination  of  the  precise  excitation  required,  involves  a 
detailed  estimation  of  armature  reactions  in  the  manner  given  in 
Chapter  V.  This  process  is  rather  laborious  to  carry  out  for  each  of 
these  six  designs,  and  as  our  main  purpose  is  a  comparison  of  the 
general  characteristics  of  the  designs  the  following  preliminary  deter- 
minations will  suffice. 

For  a  machine  to  come  within  reasonable  limits  as  to  pressure 
regulation,  the  short  circuit  current  ranges  from  2  to  3  times  the  full 
load  current  of  the  machine.  This  has  already  been  discussed  at 
page  115  of  Chapter  VII. 

The  number  of  field  ampere  turns  per  pole  must  be  from  1.5  to  2 
times  the  number  of  armature  ampere  turns  per  pole,  i.e.,  it  must 
be  from  1.5  to  2  times  the  *' armature  strength."  The  value  of  this 
ratio  depends  on  the  degree  of  saturation  of  the  machine,  i.e.,  on  the 
proportion  which  the  ampere  turns  for  the  iron  parts  of  the  magnetic 
circuit  bear  to  the  ampere  turns  for  the  air  gap  —  or  on  the  ratio  of 
air  gap  ampere  turns  to  total  ampere  turns.  With  a  highly  saturated 
machine,  the  ratio  of  field  ampere  turns  to  armature  strength  may 
be  lower,  and  vice  versa,  as  will  be  seen  on  reference  to  the  investi- 
gation on  pages  81  to  86  of  Chapter  V. 

It  is  a  characteristic  of  high  speed  machines  with  few  poles,  that 
the  magnetic  circuit  is  cramped,  the  lengths  of  the  flux  paths  in  the 
iron  being  small  owing  to  the  small  dimensions.  For  this  reason  the 
bulk  of  the  ampere  turns  on  the  field  pole  have  to  be  expended  on 
the  air  gap  which  leads  to  still  longer  gaps  than  would  be  necessary 
if  more  magnetomotive  force  could  be  expended  on  the  iron. 
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We  shall  not  make  detailed  calculations  for  the  magnetic  circuits 
of  these  six  designs.  It  will  be  suflScient  to  assume  values  for  the 
proportion  of  the  air  gag  to  total  ampere  turns,  in  the  light  of  the 
above  considerations.  With  these  considerations  in  mind  we  shall 
take  appropriate  values  for  the  ratio  of  field  ampere  turns  to  arma- 
ture ampere  turns.  The  following  are  suitable  values  for  these  two 
quantities  for  the  six  designs: 


Speed 

dumber  of  poles 

Ampere  turns  for  air  gap  in  per  cent 

of  total  field  ampere  turns  per  pole 
Ratio  of  field  to  armature  ampere 

turns 


760 

4 

600 
6 

376 

8 

260 

12 

126 

24 

83 

36 

95 

92 

89 

86 

83 

80 

2.0 

1.75 

1.75 

1.5 

1.5 

1.5 

Multiplying  the  armature  strength  by  the  above  ratios  gives  the  field 
ampere  turns  per  pole  at  no  load.  The  maximum  ampere  turns  that 
the  magnet  core  will  have  to  carry  will  correspond  to  the  excitation 
for  full  load  at  a  power  factor  equal  to  0.8.  To  obtain  this,  the  no  load 
excitation  must  be  increased  by  the  amount  of  the  excitation  regula- 
tion which  is  the  percentage  increase  in  excitation  from  no  load  to 
full  load  at  a  given  power  factor. 

The  excitation  regulation  depends  again  on  the  degree  of  satura- 
tion as  noted  in  Chapter  V.  It  is  greater  the  higher  the  degree  of 
saturation,  and  hence  for  machines  where  the  larger  proportion  of 
the  ampere  turns  are  expended  on  the  air  gap,  the  excitation  regula- 
tion is  lower.  Hence  of  the  six  designs  under  consideration  those 
with  few  poles  should,  strictly  speaking,  have  lower  excitation 
regulation.  As,  however,  the  values  will  not  differ  widely,  we  may, 
for  all  the  six  designs,  take  the  excitation  regulation  as  40  per  cent 
at  a  power  factor  of  0.8,  and  this  figure  will  afford  a  conservative 
basis  for  the  estimation  of  the  field  copper. 

Thus,  in  each  case,  to  obtain  the  maximum  excitation  required  on 
the  magnet  core,  we  multiply  the  no  load  excitation  by  1.4.  In 
Table  32  the  first  line  gives  the  values  of  the  armature  strength; 
the  second  line  the  ratio  of  field  to  armature  ampere  tunis  chosen 
above;  the  third  line  the  no  load  field  excitation  which  is  the  product 
of  the  values  in  the  first  and  second  lines.  The  fourth  line  is  the  maxi- 
mum field  excitation  (for  full  load  at  cos  (f>  =  0.8),  and  is  obtained  by 
multiplying  the  no  load  excitation  in  the  third  line  by  1.4. 
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TABLE  32. 

Estimation  op  Full  Load  Field  Excitation. 


Armature  strength  in  ampere  turns 
per  pole  (ni) 

Ratio  of  field   to  armature  ampere 
turns  {R) 

No  load  field  ampere  turns  =  (/2Xni)  . 

Maximum  required  field  excitation  (i.e., 
the  field  excitation  for  a  power  factor 
of  0.8)(-1.4xi?Xnt) 

Speed     


8,250 

2.0 
16,500 


23,000 
760 


7,500 

1.75 
13,100 


18,300 
600 


7,500 

1.75 
13,100 


18,300 
376 


7,060 

1.5 
10,600 


14,900 
260 


6,350 

1.5 
9,500 


13,300 
176 


6,350 

1.5 
9,500 


13,300 
83 


The  space  required  by  these  numbers  of  ampere  turns  is  deter- 
mined from  the  heating  considerations.  The  foUowing  formula 
affords  a  convenient  starting  point  for  field  spool  calculations:  — 


CD.   ^ 


W 


A,T,lp 


Where 


W   =  watts  lost  in  coil. 
CD.   =  current  density  in  amperes  per  square  centi- 
metre. 
A.T.  =  ampere  turns  on  spool. 

I  =  mean  length  of  turn  in  centimetres. 
p  =  specific    resistance    of    copper    (=  0.0000020 
ohms  per  centimetre  cube  at  60°  C). 

AT 
The  total  copper  section  in  square  centimetres  is  Trj^f  so  that  a 

CD. 

value  for  the  current  density  determines  the  space  required  by  the 
field  copper.  In  the  above  expression  for  CD.,  the  values  of  A.T. 
and  p  are  given,  and  an  approximate  value  for  mean  length  of  turn  I 
may  be  taken  for  each  design,  as  its  value  is  not  greatly  affected  by 
the  winding  depth.  The  only  other  factor  is  W,  the  watts  lost.  This 
is  determined  from  the  permissible  watts  per  square  decimetre  of 
external  spool  surface.  It  is  suflScient  at  this  stage  to  set  out  an  out- 
line drawing  of  each  machine  on  similar  lines  to  the  drawings  in  Figs. 
93  and  94,  and  scale  the  dimensions  of  the  space  available  for  the 
field  winding,  from  which  the  current  density,  watts,  and  heating 
may  be  easily  calculated. 
These  steps  are  set  forth  in  Table  33: 
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TABLE   33. 

Calculation  op  Field  Winding. 


Speed 

Number  of  pioles 

Length  of  winding  space    ....  a 

Depth  of  winding  space     .    .    .    .   b 

Cross  section  winding  space  aXb—c 

Space  factor  assumed d 

Total  copper  section  cXd=  .    .    .  e 

Ampere  turns A.T. 

A  T 
Current  density  CD. «  -^— ^  .... 

Internal  dimensions  of  spool .... 

Mean  length  of  turn I 

Watts  -  A.T.  X  CD.  xlxp  .  .  , 
External  periphery  of  spool  .... 
External  surface  of  spool  sq.  dcm.  . 

Watts  per  sq.  dcm 

Peripheral  speed  of  field,  in  metres 
per  seconi' 


760 

4 

18 

10 

180 

0.7 

126 

23,000 

183 

198  X 

34 

512 

4300 

656 

100 

43 

47 


600 

6 

20 

7.0 

140 

0.7 

98 

18,300 

187 

155  X 

33.5 

408 

2800 

435 

87 

32 

39 


376 

8 
20 
7.5 
150 
0.7 
105 
18,300 

174 

124  X 

31.5 

345 

2200 

378 

75 

29 

35 


260 

12 

20 

6.5 

130 

0.65 

85 

14,900 

177 

100  X 

29 

298 

1570 

318 

63 

25 

30 


126 

24 

20 

6.0 

120 

0.65 

78 

13,300 

170 

68X25 

213 
970 
238 

47.5 
20 


83 

36 

20 

6.0 

1-20 

0.65 

78 

13,300 

170 

55X 

21.5 

179 

810 

200 

40 

20 


251 


22 


In  the  above  table  there  are  first  given  the  dimensions  and  section 
of  the  winding  space.  It  is  not  necessary  to  carry  out  detailed  cal- 
culations of  the  size  of  conductor  required  for  the  field,  but  so  long 
as  the  total  copper  section  is  obtained,  this  is  sufficient.  Hence  an 
appropriate  value  for  the  space  factor  has  been  assumed  for  each  case, 
and  the  copper  section  has  been  obtained  by  multiplying  the  total  wind- 
ing section  by  the  value  of  the  space  factor.  The  mean  length  of  turn 
is  obtained  from  the  internal  dimensions  of  the  spool  (which  are  the 
dimensions  of  the  magnet  core  obtained)  and  from  the  winding  depth. 
The  watts  per  spool  may  next  be  calculated  and  the  external  surface 
of  the  spool  is  obtained  from  its  dimensions.  In  this  way  the  watts 
per  square  decimetre  of  surface  is  arrived  at.  This  value  constitutes 
the  criterion  of  whether  the  current  density  is  or  is  not  too  high,  i.e., 
whether  there  is  sufficient  room  for  the  requisite  amount  of  copper. 

It  will  be  seen  from  the  table  that  the  value  of  the  watts  per  square 
decimetre  ranges  from  47  in  the  750  R.P.M.  design  to  22  in  the  83 
R.P.M.  design.  At  the  foot  of  the  table  the  rotor  peripheral  speed  is 
entered,  as  this  should  be  kept  in  mind  in  interpreting  such  a  heat- 
ing coefficient  as  the  watts  per  square  decimetre.  The  values  of  the 
watts  per  square  decimetre  obtained  above  are  all  of  suitable  amounts, 
when  associated  with  correct  design  in  other  respects,  so  that  the 
field  copper  may  be  allowed  to  stand  as  thus  determined  and  the 
weight  may  be  estimated. 
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If  the  heating  had  come  out  too  high  in  any  one  case,  it  would 
have  been  necessary  to  increase  the  length  of  winding  space,  i.e.,  the 
radial  length  of  the  magnet  pole,  in  order  to  increase  the  total  wind- 
ing space;  or  else  to  increase  Xg  and  so  make  the  pole  core  narrower 
and  obtain  a  greater  winding  depth.  If  sufficient  room  cannot  be 
obtained  in  this  way,  the  design  must  be  re^dsed  and  a  weaker  field 
and  correspondingly  weajcer  armature  employed. 

We  have  now  seen  that  there  is  room  on  the  poles  for  the  required 
amount  of  field  copper  for  the  designs  having  the  present  values  for 
armature  strength.  Consequently  we  are  justified  in  proceeding 
with  further  calculations  on  the^-rmature  with  a  view  to  complet- 
ing the  designs. 

Armature  Slots  and  Teeth.  —  We  have  already  decided  on  the 
number  of  slots  for  each  case  and  we  have  now  to  determine  the 
dimensions  of  the  teeth  and  slots.  As  flux  density  in  the  teeth,  we 
have  taken  18,000  lines  per  square  centimetre  throughout.  Divid- 
ing the  flux  per  pole  by  the  density,  gives  the  magnetic  cross  section 
of  the  teeth  under  one  pole  which  may  be  denoted  by  Af. 

The  number  of  teeth  directly  opposite  the  pole  face  is  0.7  X  num- 
ber of  slots  per  pole.  Allowing  10  per  cent  for  spreading,  the 
number  of  teeth  caiTying  the  flux,  or  the  teeth  within  the  effective 
pole  arc,  is  1.1  X  0.7  =  0.77  X  number  of  slots  per  pole;  denoting 
this  number  by  q,  we  liave  for  t,  the  width  of  the  tooth,  the  ex- 
pression;— 

qm 

Where  Xn  =  armature  net  core  length. 
These  calculations  are  shown  in  Table  34. 


TABLE   34. 

Determinatiok  of  Slot  Dimensions. 


Speed    

Number  of  Poles      

Flux  entering  annature  per  pole  .     M 
Magnetic  cross  section  of  teeth         At 

Number  of  teeth  per  pole 

Number  of  teeth  m  enective  pole  arc  q 
Armature  net  core  length  ....      Xn 

Width  of  tooth  "4^  =  ^ 

qXn 

Slot  pitch T$ 

Slot  width S 


450 

600 

376 

260 

126 

4 

6 

8 

12 

24 

81 

59 

45 

32 

18 

4500 

3300 

2500 

1800 

1040 

15 

12 

12 

9 

6 

11.5 

9 

9 

7 

4.6 

138 

108 

87 

70 

47.6 

2.85 

3.4 

3.2 

3.7 

4.75 

6.28 

6.6 

5.9 

6.67 

8.3 

3.43 

3.2 

2.7 

3.0 

3.65 

83 

36 

12 

700 

6 

4.6 

38.5 

3.9 
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For  machines  of  ^his  output  and  voltage,  the  depth  of  slot  is  largely 
determined  by  the  size  of  the  armature  conductors.  This  is  fixed  by 
the  value  of  the  current  density.  In  any  single  design  the  slot  may 
be  worked  out  from  the  preliminary  assumption  of  a  current  density 
of,  say,  300  amperes  per  square  centimetre,  and  a  slot  of  good  pro- 
portions obtained  by  adjusting  the  current  density.  In  the  group  of 
six  designs,  the  relative  values  of  the  current  density  in  each  case 
should  be  determined  by  consideration  of  the  distribution  of  the 
armature  losses.  In  the  high  speed  few-pole  designs  the  iron  loss  is 
some  5  to  10  times  the  copper  loss,  while  in  low  speed  many-pole 
machines  it  is  only  from  1  to  2  times  the  copper  loss.  In  the  low 
speed  machines  the  losses  are  thus  unavoidably  more  concentrated 
at  the  active  belt,  while  in  the  high  speed  machines  the  loss  in  the 
body  of  the  armature  iron  largely  preponderates.  On  this  account  it 
will  be  consistent  to  adopt  higher  current  densities  and  lower  flux 
densities  in  the  high  speed  machines  than  in  the  low  speed  machines 
in  order  to  obtain  a  more  uniform  distribution  of  losses,  and  a 
flatter  eflSciency  curve  with  a  view  to  maintaining  higher  effi- 
ciency at  light  loads. 

The  values  of  the  current  densities  finally  taken,  are  given  in 
Table  35  which  also  sets  forth  the  calculation  of  the  size  of  con- 
ductor and  the  depth  of  slot.  The  latter  is  arrived  at  by  assuming 
an  appropriate  value  for  the  space  factor  and  avoiding  detailed  cal- 
culations. 

TABLE  35. 

Determination  op  Size  of  CJonductors. 


Speed    

Number  of  Poles 

Current  density 

Cross  section  of  conductor 
Number  of  conductors  in  slot 
Total  copper  section  .... 

Space  factor 

Total  area  of  slot 

Depth  of  slot 


760 

600 

376 

260 

126 

4 

6 

8 

12 

24 

280 

260 

240 

220 

210 

0.56 

0.60 

0.65 

0.71 

0.75 

7 

8 

8 

10 

13 

3.9 

4.8 

5.2 

7.1 

9.75 

0.2,5 

0.26 

0.28 

0.3 

0.33 

15.6 

18.75 

18.75 

23.4 

29.5 

4.6 

5.5 

7.0 

7.8 

8.0 

83 

36 

210 
0.75 
13 
9.75 
0.33 
29.5 

8.6 


Depth  of  Armature  Iron  Below  Slots. —  This  is  determined  from  the 
flux  density  and  corresponding  iron  losses  and  heating.  We  have  in 
Table  36  taken  appropriate  values  for  the  flux  density  and  calculated 
the  radial  depth  and  external  diameter  of  the  armature  lamina- 
tions from  the  flux. 
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TABLE  36. 

DETERMINATlOir  OF  EXTERNAL  DiAMETER  OF  ARMATURE  CoRE. 


Speed  

Number  of  Poles 

Flux  in  annature M 

Flux  density pa 

Magnetic  cross  section   .   .   .    Aa 

Radial  depth  below  slots  rr^  —  h 


External  diameter 


2Xn 


760 

600 

376 

260 

126 

4 

6 

8 

12 

24 

31 

59 

45 

32 

18 

9,000 

9,500 

10,000 

10,000 

10,000 

9,000 

6,200 

4,500 

3,200 

1,800 

32.5 

29 

26 

23 

19 

196 

217 

246 

291 

434 

83 

36 

10 

10,000 

1,202 

15.5 

548 


Whether  these  dimensions  and  densities  may  be  adhered  to,  depends 
chiefly  on  the  heating  coefficient  of  the  armature  corresponding  to  the 
losses,  which  we  shall  now  calculate. 

Losses,  Heating,  and  Efficiency.  —  The  data  and  calculations  for  the 
copper  and  iron  losses  are  set  out  in  Table  37,  parts  (a),  (6)  and  (c). 


TABLE  37. 

Calculation  of  Losses  and  Heating. 
(a)  Copper  Loss. 


Speed  

Number  of  Poles 

760 

600 

376 

260 

126 

83 

4 

6 

8 

12 

24 

36 

Mean  length  of  turn 

( =  2A^  +  4t  cms.) 
Len^h  of  conductor  per  phase  m. 

770 

620 

530 

440 

336 

285 

54 

59.5 

68 

79 

110 

138 

Resistance  per  phase  ohms    .    . 
PR  loss  for  3  phases  kw.  .    .    . 

0.193 

0.200 

0.205 

0.220 

0.300 

0.374 

14.1 

14.5 

15.3 

16.5 

22.0 

27.7 

(6)  Iron  Loss  in  Armature  Body. 


Flux  density Pa 

Watte  per  kg.  (see  Fi^.  75)   .    . 
Weight  of  armature  iron  below 

slote  —  tons 

Core  loss  kw 


9.0 
3.24 

18 
57.5 


9.5 
3.6 

14.3 
51.5 


10.0 
4.0 

12.1 

48.5 


10.0 
4.0 

10.6 
42.5 


10.0 
4.0 

9.1 
36.4 


10.0 
4.0 

7.8 
31.2 


(c)  Iron  Loss  in  Teeth. 


Flux  density 

Watte  per  kg.  (see  Fig.  75) 
Weight  of  teeth  —  tons  .  . 
Tooth  loss  kw 


Total  armature  losses  kw. 

{^a^-h-\-c) 

Heating  coefficient 

(1)  Surface  ^D(;1<7+0.7t) 
Watteper  sq.  dcm..    . 

(2)  Surface  nDXg    .    .    . 
Watte  per  sq.  dcm. .    .    , 


18 

18 

18 

18 

18 

13 

13 

13 

13 

13 

0.97 

1.07 

1.43 

1.68 

1.92 

11 

14 

18.6 

22 

25 

82.5 

80.0 

82.4 

81.0 

83.4 

1000 

1020 

980 

1020 

1230 

83 

78 

84 

80 

68 

750 

730 

700 

720 

810 

100 

100 

106 

100 

86 

13 

18 

2.07 

27 


85.9 

1330 

65 

865 

79 
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The  above  values  for  the  heatmg  coefficient  will,  with  careful  design, 
not  result  in  excessive  heating,  and  the  designs  are  now  fairly  com- 
plete. If  the  heating  had  come  out  excessive,  the  designs  would  need 
revising,  using  larger  dimensions  or  lower  densities. 

The  complete  designs  are  set  forth  in  the  following  specifications, 
to  which  are  appended  an  analysis  of  weights  and  costs  of  the  material 
and  data  of  the  calculated  values  for  the  leading  coefficients  and 
constants. 

Outline  drawings  of  the  machines  are  given  in  Figs.  93  and  94. 


SPECIFICATION   FOR 

3000  Kva.  3-Phase  25  Cycle  11,000  Volt 

ALTERNATING  CURRENT  GENERATORS. 


All  Dimenfllons  in  CmB. 


Output  in  kva 

Terminal  voltage 

Style  of  connection '  .    .    .    . 

Current  per  terminal 

Speed  B.P.M 

Frequency 

Number  of  Poles 

Armature  Iron 

Diameter  at  air  gap D 

Diameter  at  bottom  of  slot   .... 
External  diameter  of  laminations 

Depth  above  slots h 

Gross  length  between  coreheads     Xj 
Number  of  ventilating  ducts     .    .    . 

Width  of  each  duct 

Effective  core  length  (iron)  .    .     Xn 

Slots  and  Teeth 

Total  number  of  slots 

Slot  pitch  at  armature  face  .... 

Width  of  slot 

Width  of  tooth  at  armature  face .    . 
Radial  depth  of  slot        

Armature  Copper 

Number  of  slots  per  pole  per  phase  . 
Number  of  conductors  per  slot.    .    . 

Section  of  conductor 

Current  density —amperes  per  sq.  cm. 

Number  of  turns  in  series  per  phase 

Armature    strength    (ampere   turns 

per  pole) 


3,000 
11,000 
Y 
157 
760 
25 
4 


120 

130.5 

196 

32.5 

198 

29 

1.5 

138 

60 

6.28 

3.43 

2.85 

4.6 


5 

7 

0.55 

280 

70 

8.250 


600 
6 


150 
160 
217 

29 
155 

21 
1.5 
108 

72 
6.6 
3.2 
3.4 
5.5 

4 

8 

0.60 

260 

96 

7,500 


c.    D. 


376 
8 


180 
194 
246 

26 
124 

18 
1.5 

87 

96 
5.9 
2.7 
3.2 
7.0 

4 

8 

0.65 

240 

128 

7,500 


260 
12 


230 

205.6 

291 

23 
100 

15 
1.5 

70 

108 

6.67 

3.0 

3.7 

7.8 

3 

10 

0.71 

220 

180 

7,060 


126 
24 


380 

396 

434 

19 

68 

10 

1.6 

47.6 

144 

8.3 

3.65 

4.75 

8.0 


2 

13 

0.75 

210 

312 

6,350 


36 


500 

517 

548 

15.5 

55 

8 

1.5 

38.5 

216 
7.3 
4.0 
3.9 
8.6 

2 

13 

0.75 

210 

468 

6,350 


!desip. 

Idnee: 

?atioL\ 
laterii 
ts  anj 


81 
36 


517 
M^ 
5.5 
55 
S 
I  5 
v5 


JI6 

0 
9 
6 


2 
3 
'5 
0 
8 


4  Pole  750  Rev. 
i)  -  120,  A^  -  198. 


6  Pole  500  Rev. 
D-150,    ;i9-155. 


24  Pole  125  Rev.    D  -  380,    il^  -  68. 

FIG.  93  — OUTLINE  DRAWINGS  OF  3000  KVA.,  26  CYCLB,   11000  V< 

SPEEDS  FROM  750  R.P.M.  4 


8  Pole  376  Rer. 
Z>-1S0,    ;i9-124. 


12  Pole  250  Rey. 
D-230,    Jig  ^100. 


aePoleSSRer.    D  -  600,  J|^  -  65. 


DLT  ALTERNATING  CURRENT  GENERATORS  AT  VARIOUS  RATED 
"OLES  TO  83  R.PJf .  36  POLES. 


Hb88- 


i 


LJ 


-U8- 


} 


M9  ■ 


-4«- 


4  Pole  3B0  fie?a>MSO  ^ol^8B 


FIG.  94.— OUTLINE  DRAWINGS  OF  3000  KVA.,  251  POLES. 
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SPECIFICATION  FOR  3000  KVA.   ALTERNATING  CURRENT 
GENERATORS  —  Continued, 


Rotor  Iron 

Diameter  at  pole  face 

Depth  of  air  gap 9 

Pole  pitch  at  air  gap r 

Circumferential  length  of  pole  arc  6 
Gross  axial  length  (parallel  to  shaft) 
Effective  axial  length  of  pole  Tiron) 
Breadth  of  pole  body  across  shaft  c 

Field  Copper 
Total  length  of  winding  space  .    .    . 

Depth  of  winding  space 

Total  cross  section  of  winding  space 

per  pole 

Total  cross  section  of  copper    .    .    . 

Space  factor 

Ampere  turns  at  full  load  and  cos  ^ 

-0.8 

Weight  of  copper  per  spool,  kgs. 
Current  density  (amps,  per  sq.  cm.) 

Magnetic  Data 

Armature  flux  per  pole 

Leakage  coefficient 

Flux  in  the  pole  core 

Magnetic  Densities  in  kilolines  per 

sq.  cm 

Annature     

Teeth 

Pole  core — laminations 

Yoke 

Material  of  yoke 

At  pole  face  (air  gap) 

Ampere  Turns  per  pole  at  no  load    . 

Ampere  turns  lor  air  gap  in  per  cent 
ot  total  ampere  turns 

Ratio  of  field  ampere  turns  to  arma- 
ture ampere  turns 

Losses  in  kw. 

Armature  Pii  — Total 

Annature  Iron  —  Total 

Total  armature  losses  (iron  and  cop- 
per)     

Field  loss  at  full  kva.  (cos  0=0.8)   . 

Total  losses  (excl.  friction)    .... 

Efficiency  (excl.  friction  losses)  — full 
load 

EflSciency  —  half  load 

Heating 
Watts  per  sq.  dcm.  of  armature  sur- 
face reckoned  on  ttjD  (Jlj/+0.7r)    . 

Do.  reckoned  on  ^DXg 

Watts  per  so.  dcm.  of  field  spool  sur- 
face at  full  kva.  (cos  0»O.8)    .  . 


A. 


114 

3.0 

94 

66 

198 

198 

34 

18 

10 

180 
126 
0.7 

23,100 
575 
183 

81 

1.2 

97 


9.0 

18 

14.5 

Wro't 

Steel 

6.3 

16,500 

95 

2 

14.1 
68.5 

82.5 

17.2 

100 


97 
95 


83 
110 

43 


146 

2.0 

78 

55 

155 

147 

33.5 

20 
7.0 

140 

98 

0.7 

18,300 
356 
187 

59 

"    1.2 

71 


9.5 

18 

14.5 

Lam. 

Steel 

7.1 

13,100 

92 

1.75 

14.5 
65.5 

80.0 

16.8 

97 


97 
95 


78 
100 

32 


176 

2.0 

71 

50 

124 

118 

31.5 

20 
7.5 

150 
105 
0.7 

18,300 
323 
174 

45 

1.2 

54 


10 
18 
14.5 
14.5 
Lam 
Steel 
7.3 

13,100 


1.75 

15.3 
67.1 

82.4 

17.6 

100 

97 


84 
106 

29 


D. 


227 
1.5 
60 
42 
100 
95 
29 

20 
6.5 

130 
84.5 
0.65 

14,900 
224 
177 

32 

1.25 

40 


10 

18 

14.5 

6.0 

Cast 

Iron 

7.7 

10,600 

86 

1.5 


16.5 
64.5 

81.0 

18.9 

100 

97 


80 
100 

25 


377.4 
1.3 
50 
35 
68 
65 
25 

20 
6.0 

120 

78 

0.65 

13,300 
147 
170 

18 

1.3 

23.4 


10 

18 

14.5 

6.0 

Cast 

Iron 

7.6 

9,500 

83 

1.6 

22.0 
61.4 

83.4 

23.0 

106 

96.5 
95 


68 
86 

20 


F. 


497.3 

1.35 

43.7 

31 

55 

52 

21.5 

20 
6.0 

120 

78 

0.65 

13,300 
124 
170 

12 
1.35 
16.2 


10 

18 

14.5 

6.0 

Cast 

Iron 

7.2 

9,500 

80 

1.5 

27.7 
58.2 

85.9 

29.0 

115 

96.5 
95 


65 
79 

20 
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SPECIFICATION  FOR  3000  KVA.  ALTERNATING  CURRENT 
GENERATORS  —  Continued. 


Weights  op  Material  —  Tons 

Magnet  poles 

Field  yoke    .    .    . , 

Armature  laminations 

Total  effective  iron 

Armature  copper 

'  Field  copper 

Total  copper 

Total  effective  material 

Costs  op  Materials i 

Maniet  poles 

Field  yoKe    .    .    .  ^ 

Armature  laminations 

Total  effective  iron 

Annature  copper 

Field  copper 

Total  c^per 

Total  effective  material 

Constants  and  Coefficients 

Weight  of  effective  material  per  k*w. 

k^ 

Cost  of  effective  material  per  kw.    . 
IPXg  in  metres 

Ratio  ^       

T 

^     .     D 

Ratio  -r-       

Output  coefficient $ 

Ampere  conductors  per  cm.  of  pe- 
riphery       a 

Flux  per  sq.  cm.  of  annature  sur- 
face     fi 

Peripheral  speed      9 

Watts  per  c.  cm.  of  active  belt     .    . 
Kva.  per  pole 


a. 

B. 

c. 

D. 

E. 

5.0 

5.35 

6.4 

6.0 

7.0 

6.0 

7.45 

6.0 

12.1 

14.6 

19.0 

15.4 

13.5 

12.3 

11.0 

30.0 

28.2 

23.9 

30.4 

32.6 

0.80 

0.96 

1.18 

1.50 

2.15 

2.30 

2.15 

2.58 

2.70 

3.50 

3.10 

3.11 

3.76 

4.20 

5.65 

33.1 

31.3 

27.7 

34.6 

38.3 

625 

670 

675 

750 

875 

750 

930 

625 

605 

730 

2,370 

1,920 

1,690 

1,540 

1,380 

3,745 

3,520 

2,990 

2,895 

2,985 

500 

600 

740 

940 

1,350 

1,440 

1,350 

1,610 

1,690 

2,180 

1,940 

1,950 

2,350 

2,630 

3.530 

5,685 

5,470 

5,340 

5,525 

6,515 

11.0 

10.4 

9.2 

11.5 

12.8 

1.9 

1.83 

1.78 

1.84 

2.18 

2.85 

3.5 

4.0 

5.3 

9.8 

2.1 

2.0 

1.75 

1.67 

1.36 

0.6 

0.97 

1.45 

2.3 

5.6 

1.4 

1.7 

2.0 

2.25 

2.05 

175 

192 

210 

234 

254 

4,350 

4,900 

5,100 

5,300 

5,300 

47 

39 

35 

30 

25 

8.7 

7.5 

6.1 

5.3 

4.6 

750 

500 

375 

2,50 

125 

F. 


7.16 
14.2 
10.0 
31.4 

2.72 
4.47 
7.29 
38.7 


895 
710 
1,230 
2,835 
1,700 
2,770 
4,470 
7,305 


12.9 
2.44 
13.7 

1.25 

9.1 
2.64 

290 

5,000 

22 

4.0 

83 


In  order  to  study  the  influence  of  the  speed  on  the  design,  it  will  be 
best  to  plot  against  the  speed  the  quantities  to  be  studied.  In  Fig. 
95  the  values  of  D^Xg  and  the  output  coefficient  $  are  plotted  against 
the  speed.  The  value  of  D^Xg  falls  rapidly  with  increase  in  speed. 
The  output  coefficient  does  not  attain  such  high  values  with  the  high 
speeds  as  with  the  low.  This  has  been  noted  in  Chapter  II.  If  it 
were  possible  to  obtain  a  constant  value  for  f  at  all  speeds  for  a  given 
rated  output,  the  value  of  lyXg  would  be  exactly  inversely  propor- 
tional to  the  speed.    But  as  $  decreases  with  the  speed,  the  value  of 
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{D^Xg  X  revolutions  per  minute)  is  larger  in  the  high  speed  designs 
than  in  the  low. 

We  shall  see  that  the  weight  of  effective  material  does  not  vary 
nearly  so  widely,  or  in  the  same  manner  as  the  value  of  D^Xg.  Fig. 
96  shows  the  specific  electric  and  magnetic  loadings,  a  and  /9,  plotted 
against  the  speed.  The  general  trend  of  these  is  a  falling  off  in  value 
as  the  speed  increases.  This  accords  with  the  curve  for  f ,  for  it  has 
already  been  pointed  out  in  Chapter  II  that  f  is  proportional  to  the 
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Fia.  96. — DXg  and  JDU^  as  function  of  rated  speed  for  3000  kva. 
25  cycle  designs. 

product  a/?.  One  point  to  observe  in  this  group  of  designs  is  that  a 
is  relatively  higher  and  /?  relatively  lower  at  the  lower  speeds, 
that  is,  the  low  speed  machines  have  relatively  somewhat  stronger 
armatures. 

This  may  be  ascribed  to  the  fact  that  the  field  winding  space  is 
generally  not  so  cramped  in  the  low  speed  multipolar  designs.  This 
permits  of  stronger  armatures  and  correspondingly  stronger  fields  for 
a  given  specification  as  regards  pressure  regulation. 

Fig.  97  gives  a  set  of  curves  showing  an  analysis  of  the  losses  in 
each  machine.    The  total  electric  and  magnetic  losses  are  practically 
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equal  for  all  the  designs  except  for  those  corresponding  to  the  two 
lowest  speeds. 

Hence  the  efficiency  (exclusive  of  friction  losses),  is  about  the  same 
for  all  cases.  It  is  97  per  cent  in  the  four  higher  speed  designs,  and 
some  96.5  at  those  for  the  two  lowest  speeds,  the  high  speed  machines 
thus  showing  slightly  higher  efficiency.  At  one  half  load  the  elec- 
trical efficiency  is  95  per  cent  throughout.  The  distribution  of  the 
losses  is  the  chief  matter  of  interest  in  connection  with  Fig.  97.  The 
armature  iron  loss  increases  and  the.  copper  loss  decreases  with 
the  higher  speeds. 
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Fig.  96.  —  Specific  Electric  and  Masjnetic  Loading  a  and  /?  for  3000-kva.  25  cycle 

3-phase  alternator. 


Thus  in  the  83  R.P.M.  36-pole  design,  the  iron  loss  is  twice  the 
copper  loss,  while  in  the  750  R.P.M.  4-pole  design  it  is  nearly  five 
times  the  copper  loss.  In  machines  of  large  rated  output,  such  as 
those  we  are  at  present  considering,  the  efficiency  is  high  and  the 
losses  are  not  a  sufficiently  large  percentage  of  the  output  for  the  cir- 
cumstance to  seriously  affect  the  shape  of  the  load  efficiency  curve. 
This  point,  however,  is  distinctly  worth  consideration  in  designs  for 
smaller  ratings. 
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While  the  total  armature  losses  are  practically  the  same  for  all  these 
rated  speeds,  as  seen  from  the  curve  in  Fig.  97,  the  armature  air  gap 
surface  is  smaller  in  the  higher  speed  designs,  and  the  heating  co- 
eflScient  is  higher.    If  it  were  practicable,  it  would  be  better  to  modify 
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Fig.  97.  —  Losses  for  3000  kva.  25  cycle  S-phase  alternator. 

the  higher  speed  designs  by  reducing  the  armature  core  loss,  and  thus 
obtaining  a  lower  heating  coefficient  and  smaller  losses  at  light  loads. 
This  can  only  be  effected  by  employing  a  stronger  armature  and  a 
smaller  flux  per  pole,  and  in  connection  with  this  point  the  curves  in 
Fig.  96  for  the  specific  electric  and  magnetic  loadings  are  of  interest. 
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If  the  working  out  of  the  designs  is  followed  through  and  studied, 
it  will  be  seen  that  the  suggested  improvement  cannot  be  realized, 
chiefly  on  account  of  the  limited  space  available  for  the  field  windings 
in  the  high  speed  designs.    If  a  stronger  armature  were  employed  in 


X- 

^\ 

s 

\ 

§ 

\ 

1^^ 

o 

V 

\ 

"^ 

*A 

"*^ 

— \ 

(^ 

40 

%t 

U 

ft?^ 

' — ^ 

y\ 

p 

a5 

1 

/ 

y 

/' 

130 

/ 

/ 

1 

J 

> 

25 

\ 

A 

\s 

\ 

A 

V 

OA 

\ 

/ 

p 

V 

/ 

/ 

15 

\ 

/ 

/ 

J 

K 

10 

J 

/ 

\ 

f 

^ 

^ 

5 

<i 

^ 

-^ 

^ 

PoU 

« 

-^  — 

' — ■ 

— 

i 

100 


iiOO  300  400  500  600 

Rated.Speed  la  Roys*  fi^r  Minute 


roo 


410 


o  400 


B.  aoo 

.2* 

80  9S0 
800 
70 


S 
50  8003 


40 


30 


100 


20 


800 


Fia.  98.  —  Flux  per  pole  and  total  flux  for  3000  kva.  25  cycle  3-phase  alternator. 


any  particular  case,  the  field  ampere  turns  would  have  to  be  in- 
creased proportionately  to  the  value  of  a.  It  is  true  that  the  flux  per 
pole  will  be  decreased  proportionally,  thus  permitting  of  a  pole  of 
smaller  section  and  consequently  allowing  some  gain  in  the  winding 
space.     But  this  gain  would  not  be  enough  to  permit  of  sufficient 
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room  for  the  increased  amount  of  field  copper  without  an  increase  in 
either  or  both  of  the  main  dimensions  Dand  Xg,  and  a  diminution  in  $. 
An  increase  in  £>  is  not  practicable  in  the  high  speed  designs  on 
account  of  peripheral  speed  Umitations.  An  interesting  point  to 
note  from  Fig.  97  is  the  close  approximation,  as  to  magnitude  and 
variation  with  the  speed,  of  the  armature  and  the  field  copper  losses. 
Figs,  98,  99,  and  100  give  an  interesting  set  of  curves  showing 
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alternator. 

the  relations  obtaining  between  the  armature  strength,  depth  of  air 
gap,  flux,  and  number  of  poles. 

In  Fig.  98  is  plotted  the  flux  per  pole,  obtained  from  the  designs, 
and  the  number  of  poles.  The  latter  curve  is  a  hyperbola,  as  the 
product  of  number  of  poles  X  speed  must  be  constant.  By  multi- 
plying the  ordinates  of  these  two  curves  together  we  obtain  a  curve 
for  the  total  flux  crossing  the  air  gap  from  all  the  poles. 

The  point  to  observe  is  that  while  the  flux  per  pole  increases  from 
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12  megalines  in  the  lowest  speed  design  to  80  megalines  in  the  highest 
speed  design,  the  total  flux  crossing  the  gap  varies  between  com- 
paratively narrow  limits,  viz.,  430  to  320  megalines. 
*  Reference  should  now  be  made  to  the  curves  for  DXg  in  Fig.  95  and 
for  fi,  the  flux  per  square  centimetre  of  total  air  gap  surface,  in 
Fig.  96.    From  these  curves  we  see  that  DXg,  which  is  proportional 
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Fig.  100. —  Air  gap  depth  and  annature  gtrength  for  3000  kva.  26  cycle  3-phase 

alternator. 


to  the  total  air  gap  surface,  has  a  nearly  constant  value,  while  fi 
has  also  a  fairly  uniform  value,  decreasing  slightly  with  increasing 
speed. 

The  product  of  nDXg  and  /J  will  also  give  the  total  flux  which  will 
be  quite  in  agreement  with  the  curve  in  Fig.  98. 

In  Fig.  99  the  armature  strength  (ampere  turns  per  pole)  is  plotted. 
This  quantity,  although  the  number  of  poles  varies  widely,  does  not 
vary  over  a  wide  range.  We  have  reproduced  in  Fig.  99  the  total 
flux  curve  from  Fig.  98,  and  have  multiplied  the  total  flux  by  the 
armature  strength.    The  resultant  curve  is  a  straight  horizontal  line 
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signifying  that  the  product  of  armature  strength  X  total  flux  is  con- 
stant. 

This  may  also  be  seen  from  the  fundamental  electromotive  forcye 
equation 

V  =  KTNM. 

If  we  multiply  both  sides  by  /,  the  current  per  phase,  and  by  3, 
the  number  of  phases,  we  have 

3/7  =  3K.ITNM. 

The  term  3/7  is  simply  the  volt  amperes  output  which  is  constant 
in  this  case,  and  of  the  terms  on  the  right  hand  side  Kia  a  constant 
and  A^,  the  frequency,  is  also  constant. 

Hence  3/r  X  Af  =  a  constant,  i.e.,  the  total  armature  ampere  turns 
is  inversely  proportional  to  the  flux  per  pole  Af ,  or 

3/r  is  proportional  to  —  • 

If  we  now  divide  both  sides  by  the  number  of  poles,  p,  we  have 

3/r  1 

is  proportional  to— ^,- 

p  pAf 

3/r 

The  term  is  the  armature  ampere  turns  per  pole  or  the 

armature  strength.  The  term  pAf  is  the  flux  per  pole  multiplied  by 
the  number  of  poles,  i.e.,  the  total  flux  crossing  the  air  gap  from  all 
the  poles. 

Thus  the  armature  strength  and  the  total  flux  are  inversely  pro- 
portional, as  shown  by  the  curves  in  Fig.  99. 

In  Fig.  100  there  is  plotted  the  radial  depth  of  the  air  gap,  and  there 
is  also  reproduced  the  curve  for  armature  strength  from  Fig.  99. 

If  all  the  machines  were  similar  as  regards  saturation,  the  length  of 
the  air  gap  would  be  simply  proportional  to  the  armature  strength. 

We  noted  on  page  161,  that  the  high-speed  few-pole  machines  do 
not  permit  of  so  high  a  degree  of  saturation  as  the  low  speed  multipole 
designs.  Consequently,  for  the  same  limits  of  regulation,  the  ratio 
of  field  ampere  turns  to  armature  ampere  turns  requires  to  be  higher 
in  the  high  speed  machines.  The  field  ampere  turns  are  expended  on 
the  air  gap  and  iron  of  the  magnetic  circuit,  and  the  air  gap  accounts 
for  a  larger  percentage  of  the  total  field  ampere  turns  in  the  high  speed 
machines  owing  to  the  lower  degree  of  saturation. 
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This  leads  to  the  result  that,  in  the  high  speed  machines,  the  field 
ampere  turns  are  already  relatively  large,  and  of  them,  a  large  pro- 
portion have  to  be  absorbed  by  the  air  gap.  Fuither  the  air  gap 
flux  densities  are  lower  in  the  high  speed  machines,  as  /?  is  lower. 

It  will  be  seen  from  the  above  remarks  why  such  deep  air  gaps  are 
necessary  for  high  speed  generators,  and  why  the  depth  of  air  gap 
increases  much  more  rapidly  than  the  armature  strength. 
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alternator. 


The  next  matter  which  is  of  chief  interest  in  this  investigation  is 
that  of  weight  and  cost  of  the  materials.  At  the  end  of  the  specifi- 
cation on  page  170,  there  is  given  a  table  of  weights  in  metric  tons 
and  costs  in  dollars  of  the  effective  or  active  material.  The  figures 
in  this  table  are  plotted  in  the  curves  of  Fig.  101. 

Taking  first  the  weight  of  effective  material,  the  comparatively 
narrow  limits  of  variation  in  the  weight  is  remarkable.  In  the 
lightest  machine  the  weight  of  effective  material  is  28  tons  against 
39  tons  for  the  heaviest.    The  latter  figure  is  for  the  low  speed  of 
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83  R.P.M.  In  this  design  the  magnet  yoke  is  of  cast  iron.  Were 
a  wrought  iron  or  steel  yoke  employed,  to  make  a  more  strictly  fair 
comparison  with  the  other  machines,  the  weight  of  effective  material 
would  be  reduced  to  about  33  tons.  This  is  indicated  by  the  dotted 
curve  in  Fig.  101,  which  shows  the  weights  of  effective  material  for 
the  250  R.P.M.  machine  based  on  the  use  of  a  wrought  iron  or  steel 
yoke.  On  the  latter  basis  the  highest  weight  is  only  some  20  per  cent 
greater  than  the  lowest  weight.  The  values  of  lyXg  are  for  these  two 
cases  13.5  and  4,  and  these  values  are  in  the  ratio  3.4  :  1. 

The  values  of  the  product  Dig,  which  are  plotted  in  Fig.  95,  follow 
much  more  closely  the  relative  values  of  the  weight  of  effective 
material.  In  the  following  table  we  have  set  forth  the  weights  of 
effective  material  and  the  total  weights  of  the  machines,  and  the 
"weight  coefficients"  which  are  defined  as  the  total  weight  per  unit  of 
DXg  and  D^Xg  respectively.  The  total  weight  of  each  machine  is 
estimated  from  the  weight  of  effective  material  by  assuming  a  value  for 
the  ratio  of  total  net  weight  to  weight  of  effective  material.  We  may 
designate  this  the  "weight  factor."    (See  p.  19,  Chap.  II.) 

The  values  taken  for  the  "weight  factor"  range  from  2.0  in  the 
750  R.P.M.  4-pole  machine  to  2.8  in  the  83  R.P.M.  36-pole  machme. 
Larger  values  must  be  taken  in  the  case  of  low  speed  flywheel 
machines  on  account  of  the  large  amount  of  inactive  material  present 
in  the  magnet  wheel  and  stator  frame.    (See  Fig.  10,  on  p.  18.) 


TABLE  38. 

Weight  Coefficients  of  3000  Kva.  Alternators. 


Number  of  Poles 

Speed  B.P.M 

Weight  of  effective  material  —  tons    . 
Estimated  total  weight  of  machine  — 

tons 

D  and  ^  in  metres 

D' and  >^  in  metres    . 

Weight  of  effective  material 

DJ^  •   •   •   ' 

Total  weight 

DAg  • 

Weight  of  effective  matenal 

Total  weight 

D'kg  


4 
750 
33.1 

6 
600 

31.3 

8 
376 

27.7 

13 
260 

30 

24 
125 

38.3 

66 
2.4 

2.85 

63 
2.33 
3.5 

61 
2.23 
4.0 

72 
2.3 
5.3 

100 
2.58 
9.8 

13.8 

13.5 

12.4 

13.0 

14.8 

27.5 

27.0 

27.4 

31.3 

38.7 

11.6 

9.0 

7.0 

5.7 

3.9 

21.0 

18.0 

15.3 

13.6 

10.2 

36 
88 

38.7 

110 
2.75 
13.7 

14.0 

40.0 

2.8 

8.0 
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The  results  of  the  above  table  are  plotted  in  Fig.  102.  The  point 
to  be  observed  from  the  curves  in  Figs.  101  and  102  is  that  the  weights 
and  costs  of  effective  material  and  the  total  weights  pass  through 
minimum  values.  The  speed  at  which  this  occurs,  so  far  as  con- 
cerns material,  corresponds  nearly  to  the  375  R.P.M.  8-pole  design. 
Between  the  8-,  6-,  and  4-pole  designs,  there  is  very  little  difference, 
although  the  spieed  of  the  4-pole  machine  is  double  that  of  the  8-pole. 
It  is  probable  th^t  the  8-pole  design  is  not,  however,  the  one  corre- 
sponding to  minimum  Total  Works  Cost  as  this  machine  has  a  fairly 


aOO  800  400  000        .  600 

Rated  Speed  In  Revs,  per  Minute 


Fig.  102.  —  Total  net  weights  and  weight  coefficients  for  3000  kva.  25  cycle  3-pha 

alternators. 


large  diameter  and  the  labour  charges  are  greater  than  in  the  ma- 
chines with  fewer  poles  and  of  smaller  diameters.  The  6-pole  rather 
than  the  8-pole  design  would  probably  have'  the  minimum  Total 
Works  Cost. 

The  total  weight  curve  in  Fig.  102  shows  very  little  difference  in 
weight  between  the  4-,  6-,  8-,  and  12-pole  machines.  It  is  interesting  to 
compare  these  results  with  those  arrived  at  by  Behrend,  as  shown 
in  the  curve  of  Fig.  66,  Chapter  VI.  The  following  table  shows  the 
weights  of  Behrend's  machines  side  by  side  with  those  of  the  designs 
contained  in  this  chapter. 
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TABLE   39. 

Srowino  Total  Weigrt  op  25  Ctclb  a-PHABB  Ai/ternators  foe 
1000  KvA.  (Behrbnd)  and  3000  Kva.  (Authobs). 


Rated  Speed 
In  R.FM. 

Total  Weight  in  Metric  Tons. 

1000  kva. 

9000  kya. 

83 
100 
125 
250 
375 
450 
500 
750 
1500 

37 

*25 

*^" 

(17) 
26 

100 

110 
66 
61 

'62 
66 

Behrend's  figures  show  that  the  design  corresponding  to  minimum 
weight  for  a  1000  kva.  25  cycle  machine  is  a  4-pole  750  R.P.M. 
design,  which  would  have  a  weight  of  about  17  tons.  A  machine  for 
1500  R.P.M.  (2-pole)  weighed  26  tons,  this  being  some  50  per  cent 
heavier.  In  the  case  of  the  larger  rating,  3000  kva.,  the  designs 
corresponding  to  minimum  weight  are  the  500  R.P.M.,  6-pole,  or  the 
375  R.P.M.,  8-pole.  Thus  the  most  economical  speed  for  the  larger 
ratings  is  lower  than  that  for  the  smaller  ratings. 

We  see  from  Fig.  102  that  the  total  weight  is  already  distinctly  in- 
creasing in  the  6  and  4-pole  machines,  and  were  a  3000  kva.  design 
carried  out  for  2  poles  and  1500  R.P.M.  it  would  be  found  to  be 
much  heavier  and  more  expensive  than  any  of  the  lower  speed  de- 
signs. Such  a  design  for  3000  kva.  is  an  uncommercial  proposition, 
and  by  way  of  further  indicating  its  impracticability  we  have  roughed 
.  out  below  the  leading  dimensions  which  would  be  necessary  for  the 
design  to  be  anywhere  near  a  rational  proposition.  The  fact  that 
such  machines  may  be  advocated  and  even  planned  and  built  by 
certain  ill-advised  manufacturers,  does  not  affect  our  statement. 

The  following  figures  obtained  from  the  rough  outline  design, 
embody  the  principal  data  for  the  design  for  such  a  rating.  The 
data  for  the  1500  R.P.M.  2-pole  design  is  here  tabulated  side  by  side 
with  the  750  R.P.M.  4'pole  design,  for  purposes  of  comparison. 


182 


3000   KVA.   DESIGNS. 


Output  in  kva 

Terminal  voltage 

Speed  R.P.M 

Frequency 

Number  of  poles 

AiuiATURB  Iron 

Diameter  at  air  gap D 

External  diameter 

Gross  core  length Xg 

Net  core  lengtn Xn 

Total  number  of  slots 

Number  of  slots  per  pole  per  phase 

Abmature  Copper 

Number  of  conductors  per  slot 

Current  density 

Number  of  turns  in  series  per  phase 

Armature  strength  —  ampere  turns  per  pole 

Rotor  Iron 

Diameter  at  pole  face 

Pole  pitch  at  air  gap 

Gross  axial  length 

Radial  length  of  air  gap 

Peripheral  speed 


Field  Copper 

Ampere  turns  per  pole  at  no  load 

Ampere  turns  per  pole  at  full  load  and  cos  ^  »>  0. 8  . 
Armature  flux  per  pole  —  megalines 


Losses  Efficiency  and  Heating 

LoMe%  in  kw. 

Armature  PR  total , 

Armature  iron  total , 

Total  armature  losses  (iron + copper)  .    .    .    , 
Field  loss  at  full  kva.  and  oos  ^«0.8     .    .    , 

Total  electric  and  magnetic  losses 

Efficiency  (exclusive  of  friction)  at  full  load 

Heating 
Watts  per  sq.  dcm.  of  armature  surface 

A.  Calculated  on  ;r/)  (>I^X0.7t) 

B.  Calculated  on  TcDXg 

C.  Calculated  on  ;rD(A^  +  XT) 

D.  Calculated  on  total  surface 


Approximate  Weights  of  Effective  Material  in  Tons 

Field  iron 

Armature  iron 

Total  effective  iron 


Field  copper 
Armature  copper 


Total  effective  copper 


Total  effective  material 


Constants  and  Coefficients 

IPXg (D  and  X^  in  metres) 

DXg r    "     *'    "      "     ) 

D/Xj 

^7/t 

Output  coefficient ^ 

Ampere  conductors  per  cm •.    ■    " 

Flux  per  sq.  cm -    •  P 

Kva.  per  pole 


3,000 

3,000 

11,000 

11,000 

1,500 

750 

25 

25 

2 

4 

100 

120 

230 

196 

150 

198 

88 

138 

48 

60 

8 

5 

8 

7 

300 

280 

64 

70 

15,000 

8,250 

88 

114 

157 

94 

150 

198 

6.0 

3.0 

79 

47 

30,000 

16,500 

42,000 

23,000 

98 

81 

16 

14.1 

69 

68.5 

85 

82.5 

17 

17.2 

102 

100 

97.0 

97.0 

104 

83 

180 

110 

67 

63 

37 

•  33 

8.0 

11.0 

22.5 

19.0 

30.5 

30.0 

0.7 

0.8 

2.3 

2.3 

3.0 

3.1 

33.5 

33.1 

1.5 

2.85 

1.5 

2.4 

0.66 

0.6 

1.0 

2.1 

1.35 

1.4 

192 

175 

4,300 

4,350 

1,500 

750 
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The  comparison  which  may  be  drawn  from  the  above  tabulation  is 
necessarily  only  rough.  Nevertheless  it  shows  that  the  1500  R.P.M. 
2-pole  design  is  no  less  expensive  than  the  design  for  half  the  rated 
speed  viz.,  750  R.P.M.  and  4  poles.  Moreover,  the  design  for  750 
R.P.M.  is  much  more  satisfactory  than  the  one  for  1500  R.P.M.  The 
weight  and  cost  of  the  material  for  the  two  designs  as  shown  in  the 
above  table  come  out  practically  the  same,  although  the  rated  speed  in 
one  case  is  twice  that  of  the  other. 

There  is  a  remarkable  similarity  in  the  distribution  of  the  material 
in  the  various  parts  of  the  machine.  The  principal  difference  is  in 
the  armature  laminations,  which  weigh  22.5  tons  for  the  1500  R.P.M. 
and  19  tons  for  the  750  R.P.M.  If  special  grade  low-loss  iron  is 
employed,  as  would  be  highly  desirable  if  such  a  machine  as  the  2-pole 
1500  R.P.M.  rating  were  required  to  be  constructed,  the  cost  of  the 
armature  laminations  constitutes  a  large  proportion  of  the  total 
cost  (see  curves  in  Figs.  34  to  50  of  Chapter  IV). 

The  Total  Works  Cost  of  the  two  machines  may  be  about  the  same; 
and  although  from  this  standpoint  the  2-pole  design  may  not  be 
disadvantageous,  the  4-pole  design  is  decidedly  preferable  from  both 
the  electrical  and  the  mechanical  standpoints. 

The  peripheral  speed  is  necessarily  much  higher  in  the  2-pole  design. 
This  gives  rise  to  high  stresses  and  renders  the  design  of  the  rotor  a 
difficult  problem.  The  construction  would  also  call  for  a  large  expen- 
diture for  labour.  In  addition,  the  construction  and  arrangement  of 
the  windings  with  a  2-pole  field  are  not  nearly  so  satisfactory  as  with 
a  4-pole,  and  the  balancing  of  the  former  is  much  more  uncertain. 

A  comparison  of  the  electrical  quantities  shows  the  heating  to  be 
much  greater  in  the  2-pole  design,  which  calls  for  even  more  vigorous 
ventilation.  This  greater  heating  is  due  principally  to  the  large  arm- 
ature core  loss  and  to  the  cramping  of  the  field  copper  winding  space 
owing  to  the  small  diameter. 

Regarding  the  pressure  regulation,  we  have  not  calculated  this  for 
the  2-pole  design,  but  it  will  be  much  inferior  to  the  4-pole  design 
on  this  point.  We  have  already  noted  in  Chapters  V  and  VIII, 
pages  81  and  141,  the  bad  regulating  qualities  of  2-pole  machines, 
and  the  observations  there  made  apply  also  to  the  present  case.  In 
fact,  the  difficulties  are  accentuated,  as  we  have  here  to  deal  not 
only  with  a  Wgh  speed  but  also  at  the  same  time,  with  a  large  output. 

The  2-pole  design  is  a  very  difficult  one  and  is  necessarily  of  poor 
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quality.  While  possessing  serious  disadvantages  as  to  quality  and 
operation,  it  has  not,  to  offset  these,  any  economy  in  material  over 
designs  for  lower  rated  speeds  with  more  poles. 

The  result  does  not  depend  so  much  on  the  actual  rated  speed  as 
on  the  number  of  poles,  and  thus  indirectly  on  the  frequency,  as  the 
latter  depends  on  the  speed  and  number  of  poles. 

Designs  for  50  Cycles. 

By  way  of  further  illustrating  this  subject  and  of  making  quanti- 
tative comparisons,  we  have  extended  the  group  of  designs  worked 
out  in  this  chapter  by  the  addition  of  3000  kva.  designs  for  50  cycles 
at  the  following  rated  speeds  and  numbers  of  poles: 

Number  of  poles  8  6  4 

Speed  R.P.M.  750      1000      1500 

We  shall  see  from  these  designs  that  a  1500  R.P.M.  machine  for  50 
cycles  and  4  poles  is  a  reasonable  proposition,  although  a  1500  R.P.M. 
25  cycle  design  is  almost  out  of  the  question,  since  it  must  have  two 
poles.  This  is,  as  we  shall  see,  simply  dependent  on  the  number  of  poles, 
the  4-pole  design  being  quite  practicable  while  the  2-pole  is  unreason- 
able. Both  of  these  designs  are  for  the  same  rated  speed  of  1500  R.P.M. 
These  three  additional  50  cycle  designs  may  be  compared  with  the 
25  cycle  designs  of  either  the  same  speed  or  the  same  number  of  poles. 


SPECIFICATION    FOR 

3000  Kva.     3-Phase  4-,  6-,  8-Pole 

1500,  1000,  750  R.P.M.  50  Cycle  11,000  Volt 

ALTERNATING   CURRENT  GENERATORS. 

All  Dimensions  in  Cms. 


Output  in  kva 

Terminal  voltage 

Style  of  connection      

Current  per  terminal 

Speed  R.P.M 

Frequency 

Number  of  poles 

Armature  Iron 

Diameter  at  air  gap D 

Diameter  at  bottom  of  slots 

Depth  below  slots 

Gross  length  between  core-heads      i^ 

Number  of  ventilating  ducts 

Width  of  each  duct      

Effective  core  length  (iron) Xn 


A. 

B. 

3,000 

11,000 

Y 

3,000 

11,000 

Y 

157 

157 

1,500 
50 

1,000 
50 

4 

6 

110 

130 

194 

196 

37 

27.5 

125 

135 

22 

24 

1.25 

1.25 

87 

94.5 

3,000 

11,000 

Y 

157 

750 

50 

8 

150 
222 

30 
140 

28 
1.25 

95 
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SPECIFICATION  FOR  ALTERNATING  CURRENT 
GENERATORS  —  Continued. 


1 


Slots  and  Teeth 
Total  number  of  slots     .... 
Slot  pitch  at  armature  face    .    . 

Width  of  slot 

Width  of  tooth  at  armature  face 
Radial  depth  of  slot 


Armature  Copper 

Number  of  slots  per  pole  per  phase 
Number  of  conductors  per  slot      .    . 

Section  of  conductor 

Current  per  conductor 

Current  density  —  amps,  per  sq.  cm. 
Dimensions  of  conductor  Dare  .    .    . 


Thickness  of  slot  insulation  .... 
Number  of  turns  in  series  per  phase 
Armature  ampere  turns  per  pole  .    . 

Rotor  Iron 

Diameter  at  pole  face 

Length  of  air  g^p 

Pole  pitch  at  air  gap 

Circumferential  length  of  pole  arc 
Ratio  pole  arc  /  pole  pitch    .... 
Gross  axial  lengtn  (parallel  to  shaft) 
Effective  axialiength  of  pole  (iron) 
Breadth  of  pole  b<xly  across  shaft    . 


Field  Copper 

Total  length  of  winding  space       

Number  of  turns  per  pole 

Width  of  strip ^. 

Thickness  of  strip 

Total  cross  section  of  winding  space  per  pole .    . 

Total  cross  section  of  copper 

Space  factor 

Current  at  full  load  and  cos  ^»< 0.8 

Current  density  amperes  per  sq.  cm 

Resistance  of  all  fiela  spools  in  series  at  60  degrees 

Cent 

Volts  across  field  at  above  current 

Exciter  voltage 

Magnetic  Data 

Annature  flux  per  pole  (megalines)      

Leakage  coefficient  (calculated  at  no  load).    .    . 
Flux  in  the  pole  core 

Magnetic  Densities  in  Kilolines  Per  Sq.  Cm. 

Armature 

Teeth . 

Pole  core 

Mean  density  in  air  gap      

Abipere  Turns 

Armature 

Teeth 

Gap 

Pole  core 

Total  no  load  ampere  tum.s 


72 
4.8 
2.7 
2.1 
5.0 

6 

6 

0.895 

158 

177 

).9X1.33 


0.5 

72 

8,500 

102.5 

3.75 

86 

58 

0.66 

125 

125 

24 

19 
144 

3.88 
0.2 
148 
112 

0.76 
155 
200 

0.473 

75 

100 

39 

1.1 

43 

6 
17.2 
15.5 

6 

75 
300 

16,500 
450 

17,300 


90 
4.92 
2.6 
1.93 
5.5 

5 

5 

0.734 

158 

215 

2X(0.77 

dia.) 

0.5 

75 

5,900 

125 

2.5 

68 

45 

0.67 

135 

121 

21 

22 

74 

3.75 

0.229 

82.5 

64.5 

0.78 

218 

254 

0.34 

75 

100 

36 

l.U 

40 

7 
16.5 
15.5 

6 

125 
190 

11,500 
540 

12,300 


120 
3.9 
2.1 
1.83 
6.0 

5 

4 

0.65 

158 

240 

2x(0.45 

XO.965) 

0.5 

80 

4,750 

147 

1.5 

59 

39 

0.66 

140 

126 

25 

22 

50 

3 

0.31 

66 

45 

0.68 

260 

280 

0.303 

75 

100 

34 

1.14 

39 

6 

18 

15.3 

6.76 

80 
540 

8,100 
500 

9,200 
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SPECIFICATION   FOR  ALTERNATING  CURRENT 
GENERATORS—  Con/tnucd. 


Losses 

Armature  Copper 

Mean  length  of  turn 

Resistance  per  phase  at  60  decrees  Cent.    .    . 
Total  copper  loss  at  full  load  m  kw.  cos  ^«1 

Armature  Iron 
Weight  of  armature  iron  (excluding  teeth)  — 

tons 

Frequency 

Flux  density  —  kilolines 

Kilowatts  per  ton 

Total  core  loss  —  kw 

Teeth 

Weight  of  teeth  —  tons 

Flux  density  —  kilolines 

Kilowatts  per  ton 

Total  tooth  loss  —  kw 

Total  iron  loss  —  kw 

Iron  loss-f  copper  loss  (cos  ^  =  1) 

Watts  per  sq.  decimetre  of  armature  air  gap 

surface  cos  ^  =  1       

Watts  per  sq.  dcm.  of  total  surface      .... 

Field  Copper 

Power  in  kw.  for  excitation  at  full  load  cos  ^  «=  1 

Do.  cos  ^=0.8 

Watts  per  sq.  dcm.  of  external  surface  of  field 
spool  (cos  ^0.8)      

Efficiency 

At  full  load  and  power  factor  »1 .0 

Armature  copper  loss 

Armature  iron  loss 

Field  copper  loss 

Total  calculable  losses 

Efficiency  (exclusive  of  friction) 


Regulation 

Inherent  regulation  at  full  load  and  power 

factor-1.0 

At  full  load  and  power  factor =0.8 

Constants  and  Coefficients 

Weight  of  effective  material  —  tons     .... 

Weight  of  effective  material  per  kw 

Cost  of  effective  material  —  $ 

Cost  of  effective  material  per  kw 

7)^7 {D  and  Xg  in  meters) 

D'Jig  metres (D    "     "    "        "     ) 

Ratio  Xg/r 

Ratio  D/Xg 

Output  coefficient c 

Ampere  conductors  per  cm.  of  periphery  .  o 
Flux  per  sq.  cm.  of  armature  surface  .  .  .  P 
Peripneral  speed  d  metres  per  second  .    .    .   « 

Watts  per  cu.  cm.  of  active  belt 

Ratio  of  field  ampere  turns  to  armature  am- 
pere turns 

Kva.  per  pole 


A. 

B. 

594 

540 

0.0957 

0.11 

7.2 

7.2 

12.4 

10.4 

50 

50 

6 

7 

3.95 

5.4 

49 

56 

0.480 

0.77 

17.2 

16.5 

33 

30 

16 

23.2 

65 

79.2 

72.2 

86.4 

113 

115 

45 

50 

10 

11 

11.6 

16.5 

45 

36 

7.2 

7.2 

65 

79.2 

11.4 

16 

82 

103 
97% 

97.5% 

5.5% 

6.5% 

20.5% 

20.5% 

19.8 

20.7 

0.066 

0.069 

3,500 

3,300 

1.17 

1.1 

1.37 

1.75 

1.51 

2.28 

1.45 

2 

0.88 

0.99 

1.32 

1.3 

196 

176 

3,600 

3,920 

78.5 

68 

13.3 

9.4 

2.a5 

2.08 

750 

1 

375 

516 

0.126 

9.4 


13.4 

50 

6 

3.95 
53 

1.07 
18 
35 
37 
90 
100 

117 
48 

15.7 
19.5 

31 


9.4 
90 
20 

120 
96.5% 


7.5% 
17.5% 

23.5 

0.0785 

3,500 

1.17 

2.1 

3.15 

2.38 

1.07 

1.22 

106 

4,130 

59 

7.5 

1.95 
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Tons. 

Dollars. 

A. 

B. 

C. 

A. 

B. 

C. 

Magnet  cot^**             

1.8 

0.8 

2.3 

12.9 

17.8 

3.3 

o:8 

3.9 
11.2 
19.2 

3.5 

1.25 

7.1 

14.5 

26.3 

220 

100 

290 

1610 

2220 

410 

100 

490 

1400 

2400 

430 

Magnet  shoes 

160 

890 

Armature  laminations 

Total  iron 

1810 
3290 

Armature  copper 

Field  copper 

Total  copper 

1.03 
1.42 
2.45 

0.3 

1.13 

1.93 

0.72 

1.1 

1.82 

645 

890 

1535 

500 

710 

1210 

450 

690 

1140 

Total  effective  material 

20.2 

21.2 

28.1 

3735 

3600 

4400 

Estimated  total  weight 

40.0 

42.0 

56.0 

Percentage  Weight  and  Cost  of  Effective  Material. 


Magnet  cores     .... 
Magnet  shoes     .... 

Magnet  yoke 

Armature  laminations  . 

Total  iron 

Armature  copper  .    .    . 

Field  copper 

Total  copper 

Total  effective  material 


Percentage  Weight. 


9.0 

4.0 

11.0 

64.0 

88.0 


5.0 

7.0 

12.0 


100.0 


B. 


15.6 
4.0 
18.6 
52.8 
91.0 


3.8 
5.2 
9.0 


100.0 


12.3 
4.5 
25.3 
51.4 
93.5 


2.6 
3.9 
6.5 


100.0 


Percentage  Cost. 


6.4 

2.8 

8.1 

46.1 

63.4 


11.3 
25.3 
36.6 


100.0 


11.4 
2.8 
13.7 
38.7 
66.6 


13.8 
19.6 
33.4 


100.0 


9.7 

3.6 

20.0 

40.9 

74.2 


10.2 
15.6 
25.8 


100.0 


The  designs  for  these  machines  are  set  forth  in  the  above  specifi- 
cation with  an  analysis  of  weights  and  costs  of  the  material;  and  the 
leading  coefficients  and  constants. 

Outline  sketches  of  the  machines  are  given  in  Figs.  103  to  106 
where  is  also  reproduced  to  the  same  scale  the  750  R.P.M.  25 
cycle  4-pole  design  from  Figs.  93  and  94.  Figs.  103  and  104  appear 
side  by  side  enabling  a  comparison  to  be  made  between  the  two 
machines  both  having  4  poles,  but  for  750  R.P.M.  25  cycles  and  1500 
R.P.M.  50  cycles  respectively.  We  have  also  grouped  together  Figs. 
104,  105  and  106  to  show  comparisons  between  the  designs  for 
different  speeds  and  numbers  of  poles  for  the  same  rated  output  and 
frequency. 
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Fig.  103  also  appears  directly  above  Fig.  106,  constituting  a  com- 
parison between  two  machines  having  the  same  speed  750  R.P.M. 
but  for  25  cycles  4  poles,  and  50  cycles  8  poles  respectively. 

In  Figs.  107-111  we  have  plotted  the  same  quantities  as  were 
plotted  in  Figs.  95-102  for  the  25-cycle  designs.  These  curves  are  of 
interest  as  showing  the  comparisons  between  these  three  machines 
for  high  speeds,  and  also  as  showing  the  effect  of  going  to  the  highest 
speed  practicable  for  a  machine  of  this  rating.    Later  on  in  Figs.  112- 
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FiQ.  107.  —  DXg,  D^^  and  output  coefficient  for  3000  kva.,  50-C3rcle,  l-phase 

alternator. 


115  we  have  thrown  together  the  two  sets  of  curves  for  the  25 
and  50  cycle  machines,  thus  covering  a  range  of  speed  from  83  to 
1500  R.P.M. 

It  is  notable  from  Figs.  107  and  108  that  while  the  value  obtained 
for  the  output  coefficient,  f ,  is  practically  the  same  in  all  three  cases, 
the  relative  values  for  a  and  ^,  the  electric  and  magnetic  loadings, 
differ  considerably  The  curves  in  Fig.  108  show  that  the  higher  the 
speed  the  greater  is  the  value  of  ^  relative  to  a.    This  may  be  as- 
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cribed  to  the  fact  that  smaller  values  of  the  flux  per  pole  (and  con- 
sequently stronger  armatures)  are  the  more  desirable  the  fewer  the 
poles,  in  order  to  keep  down  the  weight  of  annature  iron  and  the 
annature  iron  loss  and  heating.  This  point  is  not  so  marked  in  Fig. 
96  for  the  25-cycle  designs,  as  we  are  here  dealing  with  lower  speeds. 
In  these  cases  the  armatures  are  of  larger  dimensions,  and  the  heating 
problem  is  not  so  emphasised  as  in  the  case  of  very  high  speeds. 


700 
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Fio.  108.  —  Specific  magnetic  and  electric  loading,  p  and  a,  and  for  3000  kva. 
50-cycle  S-phase  alternators. 

In  Fig.  109  are  plotted  the  various  losses.  C!omparing  with  Fig. 
97,  the  iron  losses  in  the  50-cycle  machines  are  greater  than  in  the 
25  cycle  machine  on  account  of  the  greater  frequency.  The  armature 
and  field  copper  losses  are  less  as  the  mean  lengths  of  the  turns  are 
smaller  on  account  of  the  small  overall  dimensions. 

It  is  notable  that  the  total  electric  and  magnetic  loss  shows  a  falling 
off  in  the  higher  speeds.  This  is  because  the  speed  range  for  these 
three  machines  is  very  great,  (from  750  to  1500  R.P.M.),  and  it  is 
necessary,  in  the  very  high  speed  designs,  to  keep  down  the  losses  on 
account  of  the  thermal  limitations. 
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Fig.  110  shows  curves  for  the  weight  and  cost  of  the  effective 
material.  From  these  curves  it  will  again  be  observed  that  doubling 
the  rated  speed  from  750  to  1500  R.P.M.  decreases  the  cost  of  effective 
material  only  from  $4400  to  $3500,  or  only  about  20  per  cent. 
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Fig.  109.  —  Losses  for  3000  kva.  50  cycle  S-phase  alternator. 


The  curves  also  show  that  the  4-pole  design  corresponds  to  the 
limiting  economical  speed  beyond  which  designs  will  be  more  ex- 
pensive and  poorer  in  quality.  The  6-pole  1000  R.P.M.  and  the  4-pole 
1500  R.P.M.  designs  are   practically  identical  so  far  as  economy  of 
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Fig.  110.—  Weight  and  cost  of  effective  material  for  3000  kva. 
50  cycle  3-pha8e  alternator. 
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material  is  concerned,  and,  on  account  of  its  better  electrical  and 
mechanical  properties,  the  6-pole  design  for  the  slower  speed  would  be 
preferable. 

In  Fig.  Ill  we  have  deduced  the  approximate  total  weight  from 
an  assumed  value  of  the  "weight  factor.''  We  have  also  plotted  the 
two  weight  coefficients  referred  to  earlier  in  the  chapter,  viz.,  the 
weight  in  tons  per  unit  of  DXg  and  of  IP  kg.  In  these  designs  the  weight 
coefficient  calculated  on  DXg  is  again  more  uniform  than  that  calcu- 
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Pig.  113. —  Curves  showinj;^  total  net  weig:ht  of  3000  kva.  25  and  50  cycle 
3-pha8e  alternators  for  various  rated  speeds. 


lated  on  D^Xg,  and  its  values  are  consistent  with  those  obtained  for  the 
other  group  of  machines  in  Fig.  102  (see  also  pages  18  to  25, Chapter  II.) 
In  Fig.  112  there  are  reproduced  together  the  curves  of  Figs.  101 
and  110  showing  the  variation  in  the  weight  and  cost  of  effective 
material.  Each  curve  may  be  regarded  as  plotted  progressively 
against  the  rated  speed,  although  each  is  disjointed  at  the  point  where 
the  designs  change  from  25  to  50  cycles,  namely,  at  a  speed  of  750 
R.P.M.  The  interesting  feature  is  the  tendency  of  each  half  of  the 
curve,  between  0  and  750  R.P.M.  and  between  760  and  1500  R.P.M., 
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to  exhibit  a  minimum  point.  This  indicates  clearly  that  the  matter  of 
economy  of  the  design  is  not  dependent  solely  on  the  rated  speed,  but 
also  on  the  number  of  poles. 

It  will  be  noted  that  of  the  two  750  R.P.M.  designs,  that  for  8  poles 
and  50  cycles  is  considerably  more  economical  than  the  design  for 
4  poles  and  25  cycles.    The  curves  of  the  25-cycle  designs,  when 


Fig.  114. — Weight  and  cost  of  effective  material  for  3000  kva.  25  and 
50  cycle  3-pha3e  alternator. 


the  speed  has  reached  750  R.P.M. ,  have  passed  through  the 
speed  range  corresponding  to  the  greatest  economy,  and  for  750 
R.P.M.  an  8-pole  machine  is  found  to  be  better  than  a  4-pole 
machine. 

In  Fig.  113  there  is  given  a  similar  curve  for  the  total  net  weight 
obtained  from  Figs.  102  and  111.  The  above  remarks  regarding  Fig. 
112  apply  equally  to  Fig.  113. 

It  may   be   further   noted  that  the  total  weight    of  a  2-pole 
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1500  R.P.M.  25-cycle  design  is  found  to  be  about  70  tons.  The 
curve  in  Fig.  113  shows  that  a  4-pole  1500  R.P.M.  design  weighs  only 
40  tons.  This  large  difference  is  simply  due  to  the  number  of  poles. 
To  further  illustrate  this,  we  have  in  Figs.  114  and  115  plotted  the 
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weights  and  costs  against  the  number  of  poles,  the  25  cycle  points 
being  indicated  by  O  and  the  50  cycle  by  X. 

These  curves  afford  a  direct  comparison  between  machines  having 
the  same  number  of  poles.    A  2-pole  design  for  50  cycles  must  have 


196  3000  KVA.  DESIGNS. 

a  speed  of  30(X)  R.P.M.  Such  a  design  is  practically  uncommercial 
for  a  rating  of  3000  kva.,  but  were  it  attempted,  the  total  weight 
would  be  found  to  be  much  greater  than  that  of  the  4-pole  1500  R.P.M. 
design.  If  such  a  point  were  obtained  in  extension  of  the  50  cycle 
curves  in  Fig.  113,  the  point  of  maximum  economy  would  occur  at 
the  4-pole  design,  and  the  curves  would  present  a  minimum  point 
similar  to  that  exhibited  in  the  curves  for  the  25-cycle  machines. 


CHAPTER  X. 

HIGH   SPEED   DESIGNS    FOR    A    RATED   OUTPUT  OF   6000  KVA. 
AND  A  STUDY  OF  LARGE  DESIGNS  IN  GENERAL. 

The  maximum  rating  for  which  a  satisfactory  design  can  be 
obtained  at  a  given  speed  is  governed  chiefly  by  peripheral  speed 
limitations.  The  highest  peripheral  speed  which  is  permissible 
without  encountering  excessive  stresses  is  of  the  order  of  100  metres 
per  second,  Although  obviously  somewhat  lower  peripheral  speeds 
will  be  desirable  with  small  diameters,  since  the  centrifugal  force  at 
the  periphery  is,  for  a  given  peripheral  speed,  greater  the  smaller  the 
diameter.  If  a  design  for  a  large  rated  output  is  required  at  a  high 
speed,  for  instance,  6000  kva.  at  750  R.P.M.,  it  will  be  found  that 
for  a  design  of  thoroughly  good  proportions,  the  diameter  is  such  that 
the  practical  limit  of  peripheral  speed  is  nearly  reached. 

It  is  almost  impracticable  to  obtain  a  thoroughly  satisfactory 
design  for  a  higher  rated  output  at  that  speed,  or  to  obtain  a  satis- 
factory design  for  the  same  rated  output  at  a  higher  speed.  A  good 
design  for  a  larger  rated  output  should  preferably  be  obtained  by 
emplo3ring  a  lower  speed.  Thus  a  good  10,000  kva.  design  would  be 
almost  impracticable  at  a  speed  of  750  R.P.M.,  and  a  speed  of  not 
over  500  R.P.M.  would  be  called  for.  A  design  for  6000  kva.  is  not 
desirable  at  a  speed  much  higher  than  750  R.P.M.  as  we  shall  see 
by  a  study  of  the  designs  given  in  this  chapter. 

Were  a  very  high  speed  associated  with  a  larger  rated  output,  it 
would  be  necessary  to  employ  an  armature  of  disproportionately 
great  axial  length.  With  such  proportions  the  chief  difficulty 
which  would  arise  would  relate  to  the  absence  of  sufficient  space  for 
the  requisite  amount  of  field  copper  to  secure  good  pressure  regulation. 

Below  are  given  specifications  for  three  6000  kva.  750  R.P.M.  alter- 
nators at  three  different  frequencies  and  numbers  of  poles,  namely, 

Number  of  Poles 4  6  8 

Frequency 25  37.5        50 
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Fig.  116.—  Outline  drawings  of  4,  6  and  8-pole,  750  R.P.M.,  6000  kva.  altematore. 
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These  designs  show  that  750  R.P.M.  is  the  highest  desirable  speed 
for  6000  kva.  rated  output.  A  good  6000  kva.  design  for  1000 
R.P.M.  and  50  cycles,  with  6  poles,  might  be  just  as  practicable,  but 
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one  would  encounter  troublesome  limitations  as  regards  peripheral 
speed  and  the  field  winding  space. 

Outline  drawings  are  given  in  Fig.  116.  Saturation  curves  for 
these  three  designs  are  given  in  Figs.  117,  118  and  119  respectively. 

It  is  seen  from  the  specification  for  these  designs  that  each  is  a 
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rational  proposition,  and  that  there  is  very  little  difference  in  the  qual- 
ity of  the  results  between  the  4, 6,  and  8-pole  designs.  Were,  however, 
a  2-pole  design  required  for  this  speed  and  output,  it  would  exhibit 
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all  the  bad  characteristics  of  bi-polar  designs  which  have  been  discussed 
in  Chapters  VIII  and  IX.  The  difficulties  are  further  accentuated  by 
the  large  rated  output,  and  such  a  design  is  almost  impracticable. 
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Field  Exoitation  —  ThouaandB  of  Ampere  Turns  per  Field  Spool 
PiQ.  119  —Saturation  curve  for  8-pole,  750  R.P.M.,  6000  kva.  alternator. 

SPECIFICATION  FOR 

6000  kv9..     3-Phase     4,  6,  S-Pole 

'  750  R.P.M.     25,  37.5,  50  Cycles     11,000  Volt  (Star  Connected) 

ALTERNATING  CURRENT   GENERATORS. 
(All  dimensions  in  cms.) 


Output  in  kva 

Terminal  voltage 

Style  of  connection 

Current  per  terminal 

Speed  (R.P.M.) 

Frequency 

Number  of  poles 

Armature  Iron 

Diameter  at  air  gap 

Diameter  at  bottom  of  slots  .... 
External  diameter  of  laminations 
Gross  length  between  coreheads    .    . 
Number  of  ventilating  ducts  .... 

Width  of  each  duct 

Percentage  insidation  between  stampings 
Effective  core  length  (iron)    .... 

Width  of  the  end  ducts 

Pole  pitch  at  armature  face       .    .    . 


6,000 

6,000 

6,000 

11,000 

11,000 

11,000 

Y 

Y 

Y 

315 

315 

315 

750 

750 

750 

25 

37.5 

50 

4 

6 

8 

200 

200 

200 

213 

211 

211 

295 

300 

301 

130 

140 

150 

24 

26 

28 

1.25 

1.25 

1.25 

10% 

10% 

10% 

90 

97 

la? 

1.25 

1.25 

1.25 

157 

105 

78.5 
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SPECIFICATION  FOR  ALTERNATING  CURRENT 
GENERATORS—  Con<mw€rf. 


Slots  and  Teeth 

Total  number  of  slots 

TVpe  of  slot 

Slot  pitch  at  aimature  face 

Width  of  slot 

Width  of  slot  opening 

Width  of  tooth  at  armature  face  .  .  . 
Width  of  tooth  at  narrowest  part  .  . 
Radial  depth  of  slot 

Armature  Copper 

Number  of  slots  per  pole  per  phase  .  . 
Number  of  conductors  per  slot  .... 

Section  of  conductor  (true) 

Current 

Current  density  —  amperes  per  sq.  cm. 
Dimensions  of  conductor  bare    .... 

Thickness  of  slot  insulation 

Number  of  turns  in  series  per  phase 

Weieht  of  copper  per  phase 

Tot^  weight  of  armature  copper 

(metric  tons) 

Rotor  Iron 

Diameter  at  pole  face 

Length  of  air  gap 

Pole  pitch  at  pole  face 

Circimiferential  length  of  pole  arc .    .    . 

Ratio  pole  arc  /  pole  pitch 

Gross  axial  length  (parallel  to  shaft) 
Effective  axial  length  of  pole  (iron)  .    . 
Breadth  of  pole  body  across  shaft     .    . 

Field  Copper 
Total  length  of  winding  space    .... 

Number  of  turns  per  pole 

Nature  of  winding 

Width  of  strip 

Thickness  of  strip 

Insulation  on  bobbin  walls 

Thickness  of  bobbin  cheeks 

Total  cross  section  of  winding  space  per 

pole 

Total  cross  section  of  copper 

Space  factor 

Current  at  full  load  and  cos  ^  =0 . 8  .  . 
Current  density  amperes  per  sq.  cm.  . 
Resistance  of  all  field  spools  in  series  at 

60**  C 

Volts  across  field  at  above  amperes  .    . 

Exciter  voltage ■        ■ 

Weight  of  copper  per  spool  (metric  tons) 
Total  weight  of  copper  on  all  poles 

(metric  tons) 


96 

Open 

6.55 

3.55 

3.55 

3.0 

2.6 

6.5 


8 

4 

1.58 

315 

200 

1.02X2.08 

0.55 

64 

733 


2.2 


192 

4 

151 

93 
0.6 
130 
130 

60 


6X4 
50X4 
Strip  wound 
flat 

5.5 
2.07 
0.25 
0.25 

30^ 
228 
0.745 
193 
169 

0.532 

103 

125 

0.77 

3.08 


108 

Open 

5.82 

2.82 

2.82 

3.0 

2.6 

5.5 


6 

3 

1.3 

315 

242 

1.06X1.64 

0.55 

54 

407 


1.22 


195.3 

2.35 

102 

62.8 

0.6 

140 

140 

35 


24 

110 

Strip  wound 

on  edge 

6.0 

1.67 

0.25 

0.25 

153 
110 
0.72 
200 
200 

0.502 
100 
125 

0.372 

2.23 


144 
(>pen 
4.36 
1.88 
1.88 
2.48 
2.08 

5.5 


6 

2 

1.05 

315 

300 

0.7X2.0 

0.55 

48 

258 


0.775 
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1.5 

77.4 

47.2 

0.6 

150 

150 

32.2 


24 
75 

Strip  wound 

on  edge 

3.5 

2.7 

0.25 

0.25 

92 

71 

0.77 
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215 

0.49 

99.5 

125 

0.243 

1.94 
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SPECIFICATION  FOR  ALTERNATING  CURRENT 
GENERATORS  —  CarUinued. 


Maonetic  Data 

Volts  per  phase 

Armature  flux  per  pole  (normal  volts) 

(megaUnes) 

Leakage  coefficient   (calculated  at  no 

load) 

Flux  in  the  pole  core 

Maonbtic  Densities  in  kilolines  per  sq.  cm 

Armature 

Teeth  (corrected) 

Pole  core 

Yoke 

At  pole  face 

Ampere  Turns 

Armature 

Teeth 

Gap 

Pole  core 

Yoke 

Total 

Iron  A.T.  in  per  cent  of  total    .... 
Gap  A.T.  in  per  cent  of  total     .... 


6,350 

85 

1.15 
97.7 


11.5 
20.0 
16.0 
16.0 
7.0 


700 

1,950 

22,400 

1,250 

1,000 

27,300 

18 

82 


7,620 

102 

1.15 
117 


13 
22 
19 
19 
8 


1,060 
5,200 
26,900 
3,750 
2,600 
39,510 
32 
68 


6,350 

67 

1.13 
75.6 


7.75 
18.8 
15.5 
16.0 
7.6 


220 
1,050 

14,300 
1,000 
1,000 

17,570 
18.7 
81.3 


7,620 

6350 

80.5 

57 

1.13 

1.14 

91 

65 

9.1 

6.0 

•21. £ 

18.0 

18. £ 

15.5 

19.2 

16.0 

9.16 

8.05 

300 

100 

3,25C 

600 

17,20C 

9,750 

3,00C 

1,000 

2,00C 

1,000 

26,75C 

12,450 

36 

21.7 

64 

78.3 

7,620 
68.5 

1.14 

78.1 


7.8 
20.4 
18.5 
19.2 
9.65 


150 

1,750 

11,800 

3,000 

2,000 

18,700 

37 

63 


Losses 

Armature  Copper 

Mean  length  of  turn     .    .    .     metres 

8.1 

6.5 

5.75 

Resistance  per  phase  at  60^  C.   .    .    . 

0.0655 

0.054 

0.05 

Total  (PR  loss  at  full  load  cos  ^  =  1  kw. 

19.5 

16.05 

15 

Armature  Iran 

Weight  of  armature  iron  (excluding 

teeth) tons 

22.75 

26.5 

28.9 

Frequency 

25 

37.5 

50 

Flux  density  —  kilolines  per  sq.  cm. 

11.5 

7.75 

6.0 

Kw.  per  ton 

Total  core  loss kw. 

5.3 

4.7 

4 

120 

124 

116 

Teeth 

Weight  of  teeth tons 

1.31 

1.35 

1.42 

Flux  density  —  kilolines  per  sq.  cm. 

20.0 

18.7 

18.0 

Kw.  per  ton 

Total  tooth  loss kw. 

16 

27 

35 

21.0 

36.5 

50 

Total  iron  loss 

141 

160.5 

166 

Iron  loss  +  copper  loss  (cos  ^  •=  1 )  kw. 

160.5 

176.5 

181 

Field  Copper 

Excitation  power  at  full  load  cos  ^  =  1 

kw. 

12.3 

12.8 

13 

Excitation  power  at  full  load 

(008^-0.8)      kw. 

19.8 

20.0 

20.2 

Watts  per  sq.  dcm.  of  external  surface 

of  fieU  spool  (cos  ^-0.8)  .... 

48 

34 

26 

Armature  heating  Coeffieiente 

Watts  per  sq.  dcm.  of  armature  sur- 

face cos  ^  «-  ] 

Calculated  on  ;r(D;^+0.7T)    .... 

123 

123 

120 

204 


6000  KVA.  AND  OTHER  LARGE  DESIGNS. 


SPECIFICATION  FOR  ALTERNATING  CURRENT 
GENERATORS  —  Continued, 


Losses — continued 

Effleiency 

Armature  copper  loss  ....       kw. 

19.5 

16.05 

15 

Annature  iron  loss kw. 

141 

160.5 

166 

Field  copper  loss kw. 

12.3 

12.8 

13 

Total  electrical  losses  ....       kw. 

172.8 

189.4 

194 

Efficiency  (excluding  friction  losses) 

—  full  load  (cos  ^-1) 

97% 

97% 

97% 

Efficiency  (excluding  friction  losses) 
—  half  load 

. 

95% 

Inherent  regulation  at  full  load  (p/  - 1 ) 

4.25% 

3.6%, 
16% 

3.5% 

At  full  kva.  and  power  factor —0.8    . 

16% 

16% 

CONVTANTB  AND  COEPPICIENTS 

Weight  of  effective  material  (M.Tons) 

48 

52 

57 

Weight     of    effective    material   per 
kva (kg.) 

8 

8.7 

9.5 

Cost  of  effective  material    .    .    .    .  S 

8,650 

8,200 

8,500 

Cost  of  effective  material  per  kva  .  S 

1.44 

1.37 

1.42 

DxXg (l>;ig  in  metres) 

I^iq  metres    ...(""       "     ) 

2.6 

2.8 

3.0 

5.2 

5.6 

6.0 

Ratio  Wt 

Ratio  J5/;ig 

0.83 

1.33 

1.91 

1.54 

1.43 

1.33 

Output  coefficient ^ 

1.54 

1.43 

1.33 

Ampere  conductors  per  cm.  of  pe- 

nphery a 

193 

163 

144 

Flux  (no  load)  per  sq.  cm.  of  anna- 

ture surface   p 

4,160 

4,570 

4,850 

Peripheral  speed  (metres  per  sec.)    v 

75.5 

76.5 

77.6 

Watts  per  c.  cm.  of  active  belt  .    .    . 

10.9 

12.0 

11.2 

Ratio  of  (no  load)  field  ampere  turns 

to  armature  ampere  turns  .... 

1.8 

1.94 

2.02 

Ratio  of  short  circuit  to  full  load  cur- 

rent      

2.2 
1,500 

2.4 
1,000 

2.75 

KVa.  per  pole 

Estimated  total  net  weight  (r.Tr.)tons 
Weight  coefficient  T.W,/Dkg     .    .    . 

750 

96 

104 

114 

•  37 

37.2 

38.4 

Weight  coefficient  TW./D^k    .    .    . 

18.5 

18.6 

19.2 

Weights  and 

Costs. 

Weights  (Metric  Tons). 

Costs  ($). 

Number  of  Poles. 

4 

6 

8 

4 

6 

8 

Mamiet  cores      

6.72 
4.14 
7.7 
24.2 

8.05 
2.05 
10.0 
28.22 

7.86 
2.36 
13.4 
31.03 

840 

518 

962 

3027 

1012 

256 

1250 

3527 

2 
985 

Magnet  shoes 

295 

Maimet  voke 

1676 

Armature  laminations 

381 

Effective  iron  (total) 

42.76 

48  32 

54.65 

5347 

6045 

6767 

Armature  copper 

Field  copper 

2.2 
3.08 

1.22 
2.23 

0.78 
1.94 

1375 
1925 

762 
1385 

485 
1212 

Effective  copper  (total) 

5.28 

3.45 

2.72 

3300 

2147 

1697 

Total  effective  material 

48.04 

51.75 

57.37 

8647 

8192 

8464 
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We  shall,  at  a  later  stage,  use  the  8-pole  50-<5ycle  design  for  com- 
parison with  designs  of  a  smaller  rated  output,  but  of  the  same  speed 
and  frequency.  For  the  present  we  may  make  a  few  comparisons 
between  these  three  designs  showing  the  influence  of  the  frequency 
at  a  given  speed. 

In  these  designs,  a  constant  air  gap  diameter  (D)  of  200  centimetres 
has  been  taken,  as  the  peripheral  speed  with  this  diameter  is  nearly 
80  metres  per  second.  In  accordance  with  the  general  principles 
which  we  have  followed,  we  should  have  chosen  larger  diameters  for 
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Fio.  120.  ^a,  fi  and  $  for  6000  kva.  designs. 


the  machines  of  higher  frequency  and  with  more  poles.  As  it  is, 
the  4-pole  design  has  twice  the  pole  pitch  of  the  8-pole,  and  conse- 
quently the  ratio  —in  the  former  case  is  twice  that  in  the  latter. 

Had  a  considerably  larger  diameter  been  employed  for  the  8-pole 
design,  the  weights  of  magnet  yoke,  field  and  armature  copper  would 
have  been  reduced  to  a  certain  extent,  and  thus  also  the  total  net 
weight.  As  it  is,  however,  the  8-pole  machine  is  rather  heavier  than 
the  4-pole,  which  is  a  consequence  of  the  above  procedure,  together 
with  the  fact  that  in  the  weight  of  the  magnet  yoke  all  the  material 
from  the  pole  seat  to  the  shaft  has  been  included  as  effective  iron, 
whereas  the  actual  amount  required  to  carry  the  magnetic  flux 
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would  be  considerably  less.    The  higher  the  frequency  the  lower  is 
the  value  obtained  for  the  output  coefficient.    This  is  in  accordance 
with  the  conclusions  arrived  at  in  Chapter  II.    Hence  the  values  of 
DXg  and  L^Xg  are  rather  higher  as  the  number  of  poles  increases. 
The  variations  in  the  components  a  and   p,  and  of  the  output 
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Fig.  121.  —  Curves  of  flux  and  armature  strength  in  6000  kva.  designs. 


coeflScient,  are  shown  by  the  curves  in  Fig.  120.  While  $  slightly 
decreases,  a  decreases  at  a  more  rapid  rate  and  ^  increases  with  the 
frequency.  This  is  on  account  of  the  fact  that  the  armature  reaction 
is  greater  the  higher  the  frequency  of  the  design,  and  the  armature 
must  consequently  not  be  so  strong  in  a  high  frequency  design. 
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On  the  score  of  losses  and  efficiency  there  is  nothing  to  choose. 
Although  the  8-pole  machine  has  one  half  the  pole  pitch  of  the  4-pole, 
the  radial  depth  of  the  armature  laminations  is  about  the  same  in 
both  cases,  the  proportions  being  controlled  by  considerations  of 
core  loss  and  heating.  The  weight  of  armature  laminations  is  greater 
in  the  8-pole  designs.' 

Figs.  121  and  122  relate  to  the  flux  and  armature  and  field  strength. 
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FiQ.  122.  —  Curves  for  armature  strength  and  depth  of  air  gap  for 
6000  kva.  designs. 


The  flux  per  pole  is  nearly  inversely  proportional  to  the  number 
of  poles.  As  /?  and  DXg  increase  with  the  number  of  poles,  the  total 
flux  crossing  the  gap  must  also  increase  with  the  number  of  poles. 
In  these  figures  there  are  also  plotted  the  total  armature  ampere 
turns  and  the  product  (total  flux  X  total  armature  ampere  turns). 
This  product  is  a  constant  in  accordance  with  equation  (4)  on  page  8, 
Chapter  II. 
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In  Fig.  122  are  plotted  the  annature  strength,  the  kva.  per 
pole,  and  the  radial  depth  of  air  gap.  The  armature  strength  is 
practically  inversely  proportional  to  the  number  of  poles,  and  the 
depth  of  air  gap  is  ahnost  proportional  to  the  armature  strength. 
This  latter  circumstance  is  due  to  the  fact  that  the  three  designs 
each  have  the  same  degree  of  saturation.    The  dimensions  of  the 
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Fig.  123.  —  Curves  for  weight  and  cost  of  effective  material  for 
6000  kva.  alternators. 


magnetic  paths  are  great  in  each  case  so  that  the  air  gap  ampere 
turns  in  per  cent  of  the  total  field  ampere  turns  per  pole  are  about 
80  per  cent  in  each  case.  The  ratio  of  field  to  armature  ampere 
turns  is  1.7, 1.9,  and  2.0  for  the  4,  6,  and  8-pole  designs  respectively. 
In  Fig.  123  are  plotted  the  weight  and  cost  of  efifective  material, 
and  in  Fig.  124  the  total  weight  and  the  weight  coefficients,  in  terms 
of  DXg  and  D^ig.  In  this  case  the  two  coefficients  are  proportional, 
as  a  consequence  of  the  use  of  a  constant  value  for  D,  the  diameter 
at  the  air  gap. 
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Let  us  now  undertake  a  comparison  of  three  designs  for  the  same 
speed,  frequency,  and  number  of  poles,  but  of  different  rated  out- 
puts.   For  this  purpose  we  have  taken  the  following  cases: 

A.  1500  kva.  750  R.P.M.  50  cycle  8  poles. 

B.  3000  kva.  750  R.P.M.  50  cycle  8  poles. 

C.  6000  kva.  750  R.P.M.  50  cycle  8  poles. 
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Fig.  124.  —  Curves  for  the  total  weight  and  for  the  weight  coefficients  for 
6000  kva.  altematoiiB. 


Design  B  has  already  been  obtained  in  Chapter  IX,  see  page  184. 

Design  C  has  just  been  given  on  pages  201  to  204  of  this  chapter. 

The  specification  for  design  A  is  given  below,  and  designs  B  and  C 
have  been  brought  in  parallel  vertical  columns. 

In  Figs.  125,  126  and  127,  outline  drawings  of  these  machines  are 
shown  together. 
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Figs.  125-127.—  Outline  drawings  for  1500,  3000,  and  6000  kva.  8-pole  750 
R.P.M.  50-cycle  alternators. 
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SPECIFICATION  FOR 

1500,  3000,  6000  kva.     3-Phase     8-Pole 

750  R.P.M.     50  Cycles     11,000  Volt 

ALTERNATING  CURRENT  GENERATORS. 

(All  dimensions  in  cms.) 


Output  in  kva 

Tenninal  voltage 

Style  of  connection 

Current  per  terminal 

Speed  R.P.M 

Frequency 

Number  of  poles 

Armature  Iron 

Diameter  at  air  gap D 

Diameter  at  bottom  of  slots 

External  diameter  of  laminations  .... 
Gross  length  between  coreheads      .    .    .  Xg 

Number  of  ventilating  ducts 

Width  of  each  duct 

Percentage  insulation  between  stampings 

Effective  core  length  (iron) 

Width  of  the  end  ducts 

Pole  pitch  at  armature  face 

Slots  and  Teeth 

Total  number  of  slots       

Type  of  slot 

Slot  pitch  at  armature  face 

Width  of  slot 

Width  of  slot  opening 

Width  of  tooth  at  armature  face  .... 
Width  of  tooth  at  narrowest  part  .... 
Radial  depth  of  slot 

Armature  Copper 
Number  of  slots  per  pole  per  phase    .    ■    . 

Number  of  conductors  per  slot 

Section  of  conductor  (true) 

Current 

Current  density  —  amps,  per  sq.  cm .     .    . 

Dimensions  of  conductor  bare 

Thickness  of  slot  insulation 

Number  of  turns  in  series  per  phase  .  .  . 
Weight  of  copper  per  phase  (tons)  .  .  . 
Total  weight  of  armature  copper  (tons)    . 


A. 


1,500 

11,000 

Y 

79 

750 

50 

8 


135 

145 

205 

85 

14 

1.25 

10% 

60 

1.25 

53 


96 

Open 

4.42 

2.2 

2.2 

2.22 


4 

8 

0.28 

79 

282 

(0.5x0.75) 

0.45 

128 

0.12 

0.36 


3,000 

11,000 

Y 

158 

750 

50 

8 


150 
162 
222 
140 
28 
1.25 

10% 
95 

1.25 
59 


120 
Open 
3.9 
2.1 
2.1 
1.83 


5 

4 

0.65 

158 

240 

2X(0.45X0.965) 

0.5 

80 

0.24 

0.72 


6,000 

11,000 

Y 

315 

750 

50 

8 


200 

211 

301 

150 

28 

1.25 

10% 

105 

1.25 

78.5 


144 
Open 
4.36 
1.88 
1.88 
2.48 
2.08 

5.5 


6 

2 

1.05 

315 

300 

0.7X2 

0.55 

48 

0.26 

0.78 
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SPECIFICATION  FOR  ALTERNATING  CURRENT 
GENERATORS — Continued, 


c. 


RoTOB  Iron 

Diameter  at  pole  face 

Length  of  air  gap 

Pole  pitch  at  pole  face 

Circumferential  lencth  of  pole  arc  .... 

Ratio  pole  arc  /  pole  pitch 

Grofis  axial  lensth  (parallel  to  shaft)  .  . 
Efifective  axial  length  of  pole  (iron)  .  .  . 
Breadth  of  pole  Ixxiy  acroes  shaft  .... 

Field  Copper 

Total  length  of  winding  space 

Nimiber  of  turns  per  pole 

Width  of  strip 

Thickness  of  strip 

Total  cross  section  of  winding  space  per 

pole 

Total  cross  section  of  copper 

Space.factor 

Current  at  full  load  and  COS  ^=0.8   .    .    . 
Current  density  amperes  per  sq.  cm. 
Resistance  of  all  field  spools  m  series  at 

60°  C 

Volts  across  field  at  above  amps.    .... 

Exciter  voltage  .    ; 

Weight  of  copper  per  spool  (metric  tons) 
TotS  weight  ot  copper  on  all  poles  (metric 

tons) 

Magnetic  Data  volts  per  phase 
Armature   flux   per   pole  (normal   volts) 

(megalines) 

Leakage  coefficient  (calculated  at  no  load) 
Flux  in  the  pole  core 

Magnetic  Densities  in  kilolines  per  sq.  cm. 

Armature 

Teeth  (corrected) 

Pole  core 

Yoke 

At  pole  face 

Ampere  Turns 

Armature 

Teeth 

Gap 

Pole  core 

Yoke 

Total  no  load  ampere  turns 

Iron  ampere  turns  in  per  cent  of  total  .  . 
Gap  ampere  turns  in  per  cent  of  total  v    . 


132 

1.5 

53 

35.3 

0.66 

85 

85 

22 


22 

84 

3.015 

0.20 

66.5 

50.1 

0.755 

146 

242 

0.646 

95 

125 

.103 

.830 


23 
1.15 
26.5 


6.4 
18.8 
14.2 

Y.2 


100 

400 

8,650 

330 

9,500 
10% 
90% 


147 

197 

1.5 

1.5 

59 

77.4 

39 

47.2 

0.66 

0.6 

140 

150 

126 

150 

25 

32.2 

22 

24 

50 

75 

3 

3.5 

0.31 

0.27 

66 

92 

45 

71 

0.68 

0.77 

260 

203 

280 

215 

0.303 

0.49 

75 

100 

100 

125 

.146 

24.3 

1.170 

1.940 

34 

57 

1.14 

1.14 

38.7 

65 

6.0 

6.5 

18.0 

18.0 

15.3 

15.5 

6!8 

sii 

80 

100 

540 

600 

8,100 

9,760 

500 

1,000 

9,200 

11,450 

12% 

14% 
86% 

88% 

THREE  750  R.P.M.  50  CYCLE  DESIGNS. 


213 


SPECIFICATION  FOR  ALTERNATING  CURRENT 
GENERATORS — Continued, 


Excitation 

Excitation  power  at  full  load  cos  ^  =  1  kw. 
Excitation  power  at  full  load  cos  0-=  0.8 

kw. 

Watts  per  sq.  dcm.  of  external  surface  of 

fiekl  spool  (cos  ^  -  0.8) 

ARMATnKB  Heating  Coefficients 
Watts  per  sq.  dcm.  of  armature  surface 

006  ^->1 
(A)  Calculated  on  «(D;1^+0.7t)   .    .   .    . 

rB)  Calculated  on  tcD^ 

(C)  Calculated  on  total  surface 

Efficiency  (excluding  friction  and  windage) 

Armature  copper  loss kw. 

Armature  iron  loss kw. 

Field  copper  loss kw. 

Total  electric  and  magnetic  losses  .   .  kw. 

Efficiency  —  full  load  cos  0«1 

Efficiency  half  load 

Inherent  regulation  at  full  load  oos  ^  ->  1    . 
At  full  kva.  and  008  ^«  0.8 

CONSTANTB  AND   COEFFICIENTS 

Weight  of  effective  material  ^metric  tons) 
Weight  of  effective  material  per  kva. 

(kg) 

Cost  of  effective  material 

Cost  of  effective  material  per  kva 

DX^ 

D'Jig 

Ratio  ^      

T 

Ratio  -r-      

Output  coefficient .   .  t 

Ampere  conductors  per  cm.  of  periphery  a 
Flux  (no  load)  per  sq.  cm.  of  armature  sur- 
face     P 

Peripheral  speed  (metres  per  sec.)  ...  v 

Watts  per  c.  cm.  of  active  belt 

Ratio  of  (no  load)  field  ampere  turns  to 

armature  ampere  turns 

Ratio  of  short  circuit  to  full  load  current 

kva.  per  pole 

Estimated  total  net  weisht tons 

TTT  .  1.x       as  •     *  Total  net  weight  .    .    . 
Weight  coefficient  gj- 

,„  .  ,          «,  .     .  Total  net  weight  .    .    . 
Weight  coefficient ^j- 


9.3 

13.3 

25 


120 

114 

62 


6.6 

56 

9.3 

71.9 

95.5% 


"5% 
17% 


15.35 

0.102 
2,500 
6.65 
1.15 
1.55 

1.605 


1.59 

1.3 
1.41 

5,110 

53 

8.0 

2.5 

3.2 

188 

31.0 

24.0 

20.0 


15.7 

19.5 

31 


117 
144 

48 


9.4 

90 

5.7 

115 

96.5% 

93.8% 

7.5% 

17.5% 


23.5 

0.0785 

4,400 

4.75 

2.1 

3.15 

2.38 

1.07 

1.27 
1.60 

4,130 

59 

7.5 

2.0 
2.54 

375 
56.0 

26.6 

17.8 


13 
20.2 
26.5 


139 

195 

57.5 


57.4 

0.096 

8,400 

5.65 

3.0 

6.0 

1.94 


1.33 

1.33 
1.44 

4,850 
78.6 
11.2 

2.0 

2.75 

750 

115.0 

38.4 

19.2 
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Weights  and  Costs. 


Weighta— T0118. 

Coste  —  Dollars. 

A. 

B. 

C. 

A. 

B. 

C. 

MsurriAf.  r^nrafl            

2.57 
0.51 
3.38 

7.7 

3.46 
1.26 
7.13 

14.47 

7.86 
2.36 
13.4 
31.03 

320 

60 

420 

960 

430 

160 

890 

1810 

980 

MnffTiPt  Bhoef             

290 

Mflimpt.  vnlcA                            

1680 

Armature  laminations 

3820 

Effective  iron  (total) 

14.2 

26.32 

54.65 

1760 

3290 

6770 

Armature  copper 

Field  copper 

0.36 
0.83 

0.72 
1.17 

0.78 
1.94 

280 
520 

450 
690 

480 
1210 

Effective  copper  (total) 

1.19 

1.89 

2.72 

800 

1140 

1690 

Total  effective  material 

15.4 

28.2 

57.4 

2500 

4400 

8400 

The  1500  kva.  rating   may  be  favourably  designed  for  a  speed 
of  1000  R.P.M.  or  1500  R.P.M.,  as  may  also  the  3000  kva.  design, 


H 

~^~" 

7 

6 

/ 

fc*i*» 

■ 

/ 

c 

/ 

C3> 

^4 

4> 

Q 

•0 

A 

> 

1^ 

6.S 

J 

/ 

h 

v 

^ 

-^ 

9, 

/ 

i 

r^ 

^^ 

■^0 

^ 

< 

/ 

y 

y 

1 

L 

^ 

^ 

1000 


5000 


eooo 


:«)00         9000         4000 
Output  in  kva. 
Fia.  128.—  Z>»;ig  and  D^g  for  11000-volt  3-phase  8-pole  50-cycle  alternators. 

as  already  shown  in  Chapter  IX.  Above  1000  R.P.M.  and  6  poles, 
one  is,  however,  getting  into  the  undesirable  range  of  speed  for  3000 
kva.    The  6000  kva.  design  has  probably  its  most  suitable  speed 
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1000    2000    8000    4000 
Output  in  kva. 


5000    6000 


FiQ.  129.  —  Armature  ampere  turns  and  kva.  per  pole  and  air  gap  length 

and  ratio  of  field  to  armature  ampere  turns  for  11000-volt 

3-phase  8-pole  50-cycle  alternators. 


1000 


2000    9000    4000 
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0000 


Fio.  130. —  Weight  and  cost  curves  for  11000-volt  3-phaBe  8-pole 
50-cyele  alternators. 
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at  750  R.P.M.  as  a  higher  speed  and  fewer  poles  would  bring  the 
design  into  the  range  of  undesirability.  While  the  necessary  com- 
parisons may  be  drawn  from  the  tabulated  specifications  and  draw- 
ings, we  have  in  Figs.  128  to  132,  plotted  several  of  the  quantities  of 
chief  interest. 

Fig.  128  shows  the  values  of  If^Xg  and  DXg  plotted  against  the 
rated  output.  D^Xg  is  practically  proportional  to  the  rated  output 
as  the  output  coefficient,  ^,  is  practically  the  same  throughout. 

In  Fig.  129  are  plotted  the  armature  strength,  air  gap  depth,  and 
ratio  of  field  to  armature  ampere  turns.    The  remarkable  point  is 
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Fig.  131. —  Total  net  weights  and  weight  coefficient  for  11000-voIt 
8-pole  50-cycle  S-phase  alternators. 

that  the  air  gap  depth  is  constant.  This  is  in  this  case  due  to  the  1500 
kw.  machine  having  a  lower  degree  of  saturation  and  air  gap  density, 
and  a  higher  ratio  of  field  to  armature  ampere  turns. 

Fig.  130  shows  the  weight  and  cost  of  effective  material,  which 
are,  as  would  be  expected,  approximately  proportional  to  the  rated 
output. 

Fig.  131  shows  the  total  weight  derived  from  an  appropriate  value 
of  the  weight  factor  of  2.0  in  each  case.  The  weight  coefficients  are 
also  plotted  in  Fig.  131. 
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In  Fig.  132  are  shown  the  total  weight  per  kva.  output  and  the 
weight  and  cost  of  effective  material  per  kva.  output.  The  chief 
interest  in  these  curves  is  the  uniformity  of  the  weight  and  cost  per 
kva.  output  which  are  only  slightly  higher  in  the  smallest  rating. 
This  conclusion  will  only  be  applicable  for  machines  of  the  same 
speed  and  number  of  poles. 
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Fig.  132. —  Total  weight  of  machines  and  weight  and  cost  of  effective  material 
per  kva.  for  11000-volt  8-pole  50-cycIe  3-phase  alternators. 

We  are  now  in  a  position  to  set  forth  certain  general  conclusions 
as  to  the  weight  and  cost  per  kva.  in  terms  of  various  rated  speeds 
and  outputs,  and  these  conclusions  will  be  chiefly  based  on  the 
designs  which  we  have  described  in  these  chapters. 


General  Conclusions  Regarding  the  Relation  of  Rated  Speed  and 

Rated  Output. 

High  speeds  are  not  unfavourable  to  alternating  current  designs, 
and,  when  not  carried  to  excess,  the  higher  the  speed  the  less  will  be 
the  weight  and  cost  of  the  machine. 
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There  is  a  certain  speed,  or  a  certain  range  of  speed,  far  a  given 
rated  output  and  frequency,  at  which  the  most  economic€U  and  best 
design  is  obtained.  The  value  of  this  speed  is  dependent  on  the 
number  of  poles  which  must  be  associated  therewith  to  give  the  re- 
quired frequency.  In  general,  designs  for  rated  outputs  up  to  2000 
to  3000  kva.  are  most  favourable  and  economical  when  the  design  has 
a  speed  corresponding  to  4  poles.  For  rated  outputs  higher  than 
3000  kva.,  the  most  favourable  speed  is  that  corresponding  to  6  or 
8  poles,  the  lower  speeds  applying  best  to  the  larger  rated  outputs. 

The  most  appropriate  speeds  for  different  ratings  are  as  set  forth 
in  the  following  table,  to  which  are  also  added  the  approximate  speeds 
of  steam  turbines  of  corresponding  rated  output  from  the  curves  in 
Fig.  1. 


TABLE   40. 

The  Most  Appropriate  Speeds  for  Alternating  Current  Generators  of 
Various  Ratings  and  Corresponding  Steam  Turbine  Speeds. 


Rated  Output 

25  Cycles. 

60  Cycles. 

Corresponding  Averaffe 
steam  Turbine  Speeds. 

kva. 

Number 
of  Poles. 

Speed 
RJP.M. 

Kuoiber 
of  Poles. 

Speed 
R.P.M. 

Parsons 
Turbine. 

Curtis 
Turbine. 

750 
1500 

3000 
6000 

4 
4 

6 

it 

750 
750 

500 

500 
375 

4 
6 

)t. 

8 
12 

1500 

1000 

1000) 

750  J 

750) 

600J 

2000 
1500 

1000 
750 

1500 
750 

650 
500 

It  is  interesting  to  note  from  these  figures  that  the  steam  turbine 
speeds  are  more  favourable  to  alternator  designs  than  to  continuous 
current  designs  (see  page  3,  Chapter  1).  Further,  the  speeds  of 
the  Curtis*  turbine,  which  are  considerably  lower  than  those  of  the 
Parsons  turbine,  are  nearer  the  most  appropriate  speeds  for  the 
alternator  designs  of  corresponding  rated  output. 

*  Developments  are  occurring  so  rapidly  in  steam  turbine  manufacture  that  this 
statement  as  to  the  relative  preferred  speeds  of  Curtis  &  Parsons  turbines  may  be 
upset  at  any  time.  Indeed  we  have  observed  indications  that  the  manufacturers  of 
the  Curtis  type  are  tending  upward  in  speeds,  and  that  the  reverse  tendency  is  taking 
place  in  the  Parsons  type  as  manufactured  by  some  of  the  many  licensees. 


CHAPTER  XI. 


CONSTRUCTION  OF  HIGH  SPEED  ALTERNATORS. 


High  speed  alternators  are  almost  invariably  of  the  rotating  field 
type.  The  rotating  armature  type  is  only  employed  in  certain  cases 
where  the  rated  output  is  small  and  the  speed  very  high.  In  such 
cases  it  has  certain  advantages  as  noted  in  Chapter  VIII.  In  machines 
for  large  outputs  the  brush  collection  of  heavy  currents  at  high 
voltages  becomes  objectionable,  and  in  machines  for  these  outputs  at 
lower  voltages,  the  required  proportions  of  brushes  and  rings  become 
utterly  impracticable. 

Stator  Frames.  —  The  frames  for  high  speed  alternator  armatures 
do  not  present  such  serious  mechanical  problems  as  those  for  slow 
speed  flywheel  alternators.  The  latter  have 
to  constitute  a  rigid  structure  in  them- 
selves and  support  the  armature  core  with- 
out deflection.  Their  design  for  the  very 
large  diameters  involved  in  slow  speed 
work  is  a  problem  in  structural  mechanics. 

In  alternators  for  steam  turbine  speeds 
the  general  proportions  are  very  different, 
as  may  be  seen  from  any  of  the  high 
speed  designs  dealt  with  in  the  previous 
chapters,  xhe  air  gap  diameter,  D,  rarely 
exceeds  2  metres,  and  the  overall  diameter 
of  the  frame  in  existing  types  does  not 

exceed  4  metres.  The  overall  length  is  on  the  other  hand  large, 
reaching  and  exceeding  2.5  metres  in  large  sizes.  In  such  frames  the 
precautions  necessary  for  rigidity  are  not  nearly  so  great  as  in  frames 
of  larger  diameter.  The  stiffness  is  contributed  to  by  the  rigidity  of 
the  armature  core  owing  to  its  great  radial  depth,  which  usually 
amounts  to  0.3  or  0.4  of  the  pole  pitch. 

The  fundamental  problems  in  connection  with  frames  for  high  speed 
alternators  relate  almost  exclusively  to  ventilation,  and  not  to  struc- 
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Fig.  133. — Open  tjrpe  stator 
frame. 
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tural  considerations.    The  arrangements  employed  for  ventilation 
practically  determine  the  general  design  of  the  frame. 

There  are  two  alternative  schemes  for  ventilating  high  speed 
machines.  The  first  consists  in  exposing  as  freely  as  possible  to  the 
air,  all  parts  of  the  machine  in  which  losses  occur  and  from  which 
heat  has  to  be  dissipated.  The  second  consists  in  completely  enclos- 
ing the  machine  in  a  smooth  case  leaving  an  entry  for  air  either  at 


Fig.  134. — Alternator  with  open  frame  —  (AUgemeine  Electricitats  Gesellschaft). 

the  shaft  or  at  the  base,  and  an  outlet  at  the  top  of  the  machine  or 
at  some  other  suitable  point. 

The  latter  plan  has  now  come  to  be  most  widely  employed,  and  it 
may  be  termed  "forced"  or  "induced''  ventilation.  The  draught  is 
induced  as  in  a  chimney,  in  fact  in  certain  cases  an  actual  chimney 
has  been  placed  at  the  top  aperture  of  the  machine  to. assist  the 
draught.    The  natural  circulation  is  usually  strongly  Reinforced  by 
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the  efifect  of  the  rotor  which  is  often  supplied  with  fan  blades.    This 
scheme  may  be  carried  so  far  as  cooling  by  air  blast  from  a  separate 
blower  set,  either  for  each  generating  set  or  for  a  number  of  sets,  as 
in  the  case  of  batteries  of  transformers. 
The  extreme  case  of  the  first  scheme  is  illustrated  by  the  con- 


FiG.  135.  —  Section  of  Westinghouse  turbo-altemator  stator. 

struction  shown  in  Figs.  133  and  134.     Figs.  135,  136,  and  137  show 
sections  through  frames  constructed  for  open  ventilation.    Fig.  135 


Fig.  136.  —  Section  of  B.  T.  H.  turbo-alternator  stator. 

is  the  Westinghouse  Co.'s  construction,  and  Fig.   136   the  General 
Electric  (of  America)  and  the  British  Thomson-Houston  Co.'s.    In 


a 


n 


Fig.  137.  —  Section  of  ribbed  stator  frame. 


the  latter  type  the  frame  is  not  split,  the  Curtis  turbine  with  which 
the  design  is  used,  having  a  vertical  shaft.  Fig.  137  is  of  the  same 
type  which  has  already  been  shown  in  Fig.  77  of  Chapter  VII.  This 
frame  is  stififeried  by  longitudinal  ribs  on  the  outside. 
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A  typical  stator  case  designed  for  forced  ventilation  is  shown  in 
Fig.  138  which  is  one  of  the  Lahmeyer  Co.'s  construction.  The  lower 
part  of  the  end  shield  is  so  shaped  as  to  form  an  inlet  air  channel, 
and  an  air  exit  at  the  top  of  the  frame  is  provided. 

Fig.  139  shows  a  group  of  frames  of  various  types  by  Messrs. 
Lahmeyer,  all  of  which  are  constructed  for  induced  ventilation.  The 
machine  shown  in  the  foreground  dififers  from  that  in  Fig.  138  in 


Fig.  138,  —  Enclosed  frame  for  forced  ventilation —  Lahmeyer  Co. 


that  the  air  entere  through  apertures  in  the  sides  of  the  end  shields, 
while  in  Fig.  138  it  enters  from  the  base  of  the  machine. 

In  these  types  of  machine  the  draught  is  generally  induced  by 
means  of  vanes  or  fans  placed  at  each  end  of  the  rotor.  Such  vanes 
will  be  seen  in  the  rotor  constructions  of  Figs.  178,  188,  189,  190,  222 
and  226  of  this  chapter. 

Fig.  140  shows  a  section  through  a  construction  of  Messrs.  Brown 
Boveri  showing  the  direction  of  the  air  circulation.    This  is  on  the 
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Fig.  140. —  C.  E.  L.  Brown's  ventilating  scheme  for  turbo-generator. 

same  lines  as  the  construction  in  Fig.  138,  and  more  details  will  be 
foimd  in  the  assembly  drawing  of  Fig.  217. 

A  ventilating  scheme   by  the   Oeriikon  Co.  is  illustrated  in  the 
drawings  of  Figs.  141,  142,  and  143.    The  principal  feature  of  this 


Fig.  141. —  Oeriikon  Go's  ventilating  scheme  for  turbo-generatoM. 
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Fio.  142.—  OeriikoD  Go's  ventilating  scheme  for  a  turbo-generator. 


Fio.  143.  —  Oeriikon  Go's  ventilating  scheme  for  a  turbo-generator. 
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system  is  the  subdivision  of  the  air  channels  through  which  the  air 
is  directed.  The  blades  on  the  rotor  are  so  placed  as  to  represent  an 
ordinary  centrifugal  fan,  and  the  air  thus  drawn  into  the  machine  is 
passed  partly  through  the  rotor,  partly  through  the  air  gap,  and  thus 
through  the  ducts  in  the  stator,  and  partly  over  the  end  connections, 
and  at  the  back  of  the  stator  laminations.  Finally  the  air  is  united 
in  a  common  channel  and  passes  through  a  large  hole  in  the  top  of 
the  machine.    Figs.  144,  145,  and  146  illustrate  the  armature  frame 


Fig.  144.—-  Lower  half  of  frame  of  1100  kw.  1500  r.p.m. 
alternator  —  Oerlikon  Co. 


of  an  1100  kw.  1500  R.P.M.  alternator  arranged  in  accordance  with 
this  ventilating  scheme. 

These  photographs  also  illustrate  a  typical  construction  for  stator 
frames.  Further  details  of  the  Oerlikon  Co.'s  machines  will  be  found 
on  pages  251  to  255  of  this  chapter. 

Fig.  147  shows  an  example  of  an  enclosed  frame  by  Messrs.  Siemens 
Bros.  This  machine  has  forced  ventilation,  air  being  drawn  in 
through  a  trunk  at  the  end  remote  from  the  turbine  by  means  of  fans 
on  the  rotor  ends.  This  trunk  is  connected  with  the  outside  air  by 
pipes.    The  air,  after  circulating  thi*ough  the  machine,  passes  out 
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through  an  opening  in  the  frame  arranged  either  at  the  top  or  at  the 
bottom  as  desired. 

The  problem  of  ventilating  and  cooling  high  speed  dynamos  is 
very  hke  the  corresponding  problem  for  transformers,  and  many  of 
the  means  which  have  been  adopted  in  connection  with  the  latter 
are  being  employed  for  high  speed  dynamos. 


Fia.  145.  —  Lower  half  of  frame  of  1100  kw.  1500  r.p.m. 
alternator  —  Oerlikon  Co. 


Fig.  148  gives  an  instance  of  a  water  cooled  alternator  by  the 
Allegemeine  Electricitats  Ge.sellschaft.  The  stator  frame  consists 
of  a  cylindrical  chamber  surrounding  the  armature  core.  Water  is 
circulated  through  this  chamber,  and  the  heat  dissipation  is  facilitated 
by  circumferential  ribs  cast  on  to  the  inner  shell. 

In  connection  with  the  subject  of  circulation,  reference  should  be 
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made  to  the  section  of  this  chapter  dealing  with  rotor  construction, 
where  many  special  arrangements  for  ventilating  rotors  and  providing 
for  air  circulation  through  the  rotor  and  stator  will  be  seen.  « 

Armature  Windings  for  Turbo- Alternators.  y 

The  windings  for  turbo-alternator  armatures  do  not  differ  in  prin- 
ciple from  those  employed  for  slow  speed  alternator  armatures,  but 
the  turbo-windings  are  characterised  chiefly  by  the  largeness  of  the 
dimensions  of  the  coils  by  reason  of  the  large  pole  pitches  and  arma- 


Fio.  146.  —  Assembling  upper  half  of  armature  of  1100  kw. 
1500  r.p.m.  alternator. 

ture  core  lengths,  and  also  by  the  greater  distribution  of  the  coils 
incident  to  the  large  number  of  slots  per  pole  per  phase. 

The  large  values  of  the  pole  pitch  generally  render  bar  windings 
and  barrel  windings  impracticable,  since,  owing  to  the  great  size  of 
the  coils,  they  would  project  to  a  considerable  distance  from  the  ends 
of  the  core  if  windings  of  this  type  were  employed. 

If  the  speed  is  only  moderately  high  and  the  machine  has  more  than 
eight  poles,  bar  windings,  or  barrel  windings,  may,  however,  be  used. 
In  the  classification  of  alternating  current  windings  *  adopted  by  the 

♦  See  "Armature  Construction,"  Hobart  and  Ellis  (Whittaker  &  Co.,  London, 
1907),  p.  197. 
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authors,  a  *'coir'  is  designated  as  ''the  group  of  turns  subtending  one 
pole  belonging  to  one  phase,"  irrespective  of  the  number  of  turns  in 
the  coil. 


jzn 


Fig.  148.  —  Section  of  an  Allgemeine  Electricitats  Gesellschaft 
turbo-alternator,  water-cooled. 

This  "coil"  may  have  its  conductors  concentrated  in  a  single  slot 
on  each  side,  or  distributed  on  each  side  in  two,  three,  four,  or  more 
slots.  In  turbo-alternator  armatures  the  coils  are  very  distributed  as 
noted  above.    If  the  conductors  on  one  side  of  the  coil  lie  in  only  one 


Fig.  149.—  Spiral  coil. 


Fig.  150. —  Lap  coil. 


slot,  we  designate  the  coil  as  a  ''single  coil,"  if  they  are  spread  over 
two  slots  we  call  it  a  "double  coil,"  if  over  three  slots  a  "triple  coil," 
and  so  on. 
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The  coil  itself  may  be  arranged  in  two  ways,  which  are  designated 
"spiral  coil"  and  "lap  coil."  A  spiral  coil  is  illustrated  in  Fig,  149. 
This  coil  has  four  turns,  and  the  equivalent  lap  coil  is  shown  in 
Fig.  150. 

Fig.  149  would  be  designated  an  element  of  a  quadruple  coil  spiral , 
winding,  and  Fig.  150  an  element  of  a  quadruple  coil  lap  winding. 

In  the  lap  coil  the  "pitch"  of  the  conductors  is  the  same  for  all  pairs 
of  conductors  connected  together.  A  winding  having  coils  shaped  in 
either  of  these  two  ways  will  be  called  a  "coil  winding."    There  are, 


Fig.  151. —  Single-phase  whole  coiled  winding. 

however,  two  broad  divisions  of  coil  windings  which  are  respectively 
termed  "whole  coiled"  and  "half  coiled." 

In  the  whole  coiled  winding  there  is  one  coil  per  pole  per  phase,  i.e., 
every  pole  is  subtended  by  a  coil ;  but  in  the  half  coiled  winding  there 
is  only  one  coil  per  phase  per  pair  of  poles;  that  is  to  say,  only  half  of 
the  poles  are  subtended  by  coils.  The  distinction  between  these 
two  types  will  be  apparent  from  Figs.  151  and  152.  Each  of  these 
figures  represents  a  6-pole  single-phase  winding,  which  is  taken 
for  simplicity.  Fig.  151  has  every  pole  subtended  by  a  coil  of 
2  turns.  This  winding  would  be  designated  a  6-pole  whole  coiled 
double  coil  spiral  winding,  and  Fig.  152  would  be  called  a  6-pole 
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half  coiled  quadruple  coil  spiral  winding.  The  number  of  slots  per 
pole  is  in  each  case  4,  but  in  Fig.  151  the  coil  is  only  a  double  coil, 
whereas  in  Fig.  152  it  is  a  quadruple  coil. 

Corresponding  polyphase  windings  can  readily  be  derived  from 
the  single-phase  windings  in  Figs.  151  and  152  by  superimposing 
one  or  two  extra  phases,  according  to  whether  a  2-phase  or  a  3-phase 
winding  is  required.  Single-phase  windings  are  more  often  whole 
coiled,  especially  in  turbo  machines  where  there  are  few  poles  and 
consequently  few  coils. 


Fia.  152.  —  Single-phase  half  coiled  winding. 

If  one  inspects  the  end  connections  at  the  inner  side  of  the  dia- 
grams in  Figs.  151  and  152,  one  sees  that  the  connections  in 
Fig.  152  are  considerably  simpler  than  those  in  Fig.  151. 

The  relative  directions  of  current  circulation  in  the  individual  coils 
are  represented  by  dotted  circular  arrows  at  the  centre  of  each  coil, 
and  it  will  be  seen  that  in  the  half  coiled  winding  (Fig.  152)  the 
circulation  is  in  the  same  direction  in  each  coil,  whereas  in  Fig.  151, 
the  whole  coil  winding,  the  direction  is  reversed  in  every  alternate 
coil.  Thus  in  Fig.  152  it  is  only  necessary  to  connect  the  end  of 
one  coil  on  to  the  beginning  of  the  next  adjacent  coil,  which  is 
simpler  than  the  connection  in  Fig.  151. 

So  far  as  single-phase  windings  are  concerned,  a  disadvantage  of 
the  half  coiled  winding  is  that  the  end  parts  of  the  coils  are  more 
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concentrated  than  in  the  whole  coiled  winding.  This  leads  to  some- 
what greater  inductance  of  the  end  connections,  and  to  greater 
heating  of  the  end  connections.  Hence  for  single-phase  windings 
whole   coiled    windings   are   preferable.    For   polyphase    windings, 


fTffl\ 


1  Range 


2  Range 


/ 
3  Range 

Fig.  157. —  Sections  of  armature  end  windings. 

however,  certain  features  of  the  half  coiled  windings  have  led  to  its 
general  use.  Furthermore  the  inductance  of  turbo-alternators  is 
inherently  low. 

The  alternative  method  of  winding  to  coil  winding  is  wave  wind- 
ing. Elements  of  the  two  common  forms  of  wave  windings  are 
shown  in  Figs.  155  and  15G.  These  are  designated  respectively 
progressive  and  retrogressive  wave  windings,  and  the  distinction 
between  the  two  forms  will  be  clear  from  the  figures.    The  retro- 
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gressive  winding  requires  the  number  of  conductors  per  slot  to  be  a 
multiple  of  two,  as  half  of  the  conductors  (in  the  top  of  the  slots) 
are  taken  in  in  the  first  progression  round  the  winding,  and  the  other 


Fig.  158.—  Wound  bipolar  armature  of  Oerlikon  400-kw.  5000-volt  42-cycle 
2520  r.p.m.  turbo-alternator  with  a  2-poIe  2-phase  whole  coiled,  sextuple 
coil  spiral  winding. 

half  (in  the  bottom  of  the  slots)  in  the  progression  in  the  opposite 
direction. 

We  have  grouped  together  in  Figs.  153-150  the  two  common  types 
of  coil  windings  and  the  two  common  types  of  wave  windings. 
There  are  a  variety  of  other  tjrpes  of  windings*  which  should  be 
regarded  as  special  types,  as  their  application  is  not  general,    i 

*  See  "Armature  Construction,"  Hobart  and  Ellis  (Whittaker  &  Co.,' London, 
1907),  Chap  IX,  for  a  much  more  complete  treatment  of  the  subject  of  armature 
windings. 
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In  carrying  out  polyphase  windings  the  matter  of  the  number  of 
ranges  in  which  the  coils  can  be  laid  up  enters.  Fig.  157  illustrates 
sections  through  the  end  parts  of  several  windings  which  may  be 
designated  as  respectively  1  range,  2  range,  and  3  range  windings. 

Single-phase  windings  are  alwa)^  1  range  and  2-phase  windings 
are  always  2  range;  3-phase  windings  may  be  either  2  range  or 
3  range  according  as  the  winding  is  half  coiled  or  whole  coiled.    The 


FiQ.  159. —  Armature  of  Westinghouse  5500-kw.  4-pole  1000-r.p.m.  33-cycle  11000- 
volt  turbo-alternator  with  a  4-pole  3-phase  half  coiled  octuple  coil  spiral  winding. 

coils  may  be 'laid  up  in  any  of  the  shapes  illustrated  in  Fig.  157. 
With  turbo-alternator  armatures  the  coils  are  either  laid  up  in 
2  or  3  perpendicular  ranges,  or  else  in  one  range  projecting  straight 
out  from  the  slots,  the  other  range  being  laid  back  at  right  angles  to 
the  air  gap  sm-face. 

Fig.  158  illustrates  a  2-phase  stationary  armature  for  a  400-kw. 
5000-volt  42-cycle   2520   R.P.M.    Oerlikon  turbo-alternator.    This 
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winding  is  a  2-pole  whole  coiled  sextuple-coil  spiral  winding.    It  has 
48  slots  and  12  slots  per  pole  per  phase.    There  are  2  coils  per  phase 
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(1  coil  per  pole  per  phase),  and  4  coils  in  all.    These  are  laid  up 
in  2  ranges  with  2  coils  in  each  range.    The  mode  of   laying  up  the 


288         CONSTRUCTION  OF  HIGH  SPEED  ALTERNATORS. 

end  coils  corresponds  to  Fig.  157d.  Fig.  159  illustrates  a  finished 
armature  of  one  of  the  5500-kw.  1000  R.P.M.  33-cycle  Westinghouse 
alternators  of  the  Chelsea  Station  of  the  London  Underground  Elec- 
tric Railway  Co.  This  winding  is  a  4-pole  3-phase  half  coiled 
octuple  coil  spiral  winding.  There  are  8  slots  per  pole  per  phase 
and  96  slots  in  all.    As  this  wmding  is  half  coiled,  each  coil  covers 


Fig.  161. —  Armature  winding  of  1500-kw.  1000  r.p.m.  6-pole  50-<^cle 
British  Thomson  Houston  Curtis  turbo-alternator. 


8  slots  on  either  side.  There  are  2  coils  per  phase  and  6  coils  in  all, 
laid  up  in  2  ranges  in  the  manner  of  Fig.  157c  with  3  coils  in  each 
range.  Fig.  161  illustrates  one  of  the  armatures  in  process  of  wind- 
ing. The  armature  is  hand  wound,  the  back  range  being  put  on 
first,  and  after  that  the  second  range  which  projects  straight  out 
from  the  slots. 
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It  is  possible  to  arrange  windings  intermediate  between  whole  coiled 
and  half  coiled  in  certain  cases,  and  sometimes  such  intermediate 


arrangements  permit  of  all  the  coils  being  shaped  on  the  same  form 
which  is,  of  course,  an  advantage  when  a  former  winding  is  employed. 
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Fig.  161  shows  the  winding  diagram  for  a  winding  carried  oiit  in 
this  way.  This  is  the  diagram  for  the  armature  of  the  6-pole  1500- 
kw.  British  Thomson-Houston  alternator  which  is  fully  described  on 
pages  284  to  295  of  this  chapter.  In  this  winding  three  of  the  poles 
are  subtended  by  two  coils  per  phase,  and  the  other  three  by  one 
coil  per  phase,  as  will  be  seen  from  the  phase  wliich  is  lined  in 
heavily  in  the  diagram.    The  winding  has  54  slots  and  27  coils,  thus 


Fig.  163. 


FiQ.  164. 


Fig.  165. 
Figs.  163-165.  —  Methods  of  retaining  end  windings  of  turbo-altemator  armatures. 

9  coils  per  phase.  The  coils  are  formed  to  the  shape  shown  in  Fig. 
162,  and  in  this  way  they  are  made  to  lie  up  one  above  the  other,  as 
will  be  seen  in  Fig.  162.  These  coils  are  form  wound,  and  are  all 
of  exactly  the  same  shape.  This  type  of  winding  is  sometimes 
referred  to  as  a  "basket"  winding,  which  is  suggested  by  the  appear- 
ance of  the  crossing  of  the  ends  of  the  armature  coils.  Further 
details  of  the  winding  and  of  the  slots  and  conductor  will  be  found 
'  in  the  description  on  pages  284  to  295  of  this  chapter. 
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In  armatures  with  few  poles  and  such  large  coils,  the  question  of 
efifectively  retaining  the  ends  of  the  coils  becomes  of  importance. 
The  large  spans  of  the  end  windings  are  subjected  to  large  magnetic 
pulls,  especially  on  the  occurrence  of  short  circuits.    The  armature 


Fig.  166. —  Method  of  retaining  armature  windings  of  3000  kva.  4-Pole 
alternator —  (G.  E.  Co.  of  America). 


current,  when  a  machine  is  suddenly  short  circuited,  may  momen- 
tarily be  several  times  the  value  of  the  short  circuit  current  which 
is  obtained  if  the  field  strength  is  gradually  brought  up  to  the  same 
value.    As  a  machine  is  always  liable  to  sudden  short  circuits,  the 
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end  windings  are  liable  to  be  subjected  to  very  heavy  magnetic  pulls.* 
It  is  therefore  necessary  to  strap  the  coils  back  on  to  the  armature 
end  flanges  in  some  good  mechanical  way.  Fig.  163  illustrates  in 
section  a  method  of  support  of  the  end  connections,  employed  by 
the  Oerlikon  Co.,  of  a  single-phase  winding. 

An  Oerlikon  method  for  polyphase  generators  is  illustrated  in  the 
section  drawing  of  Fig.  164,  which  shows  a  three  range  winding  with 
the  coils  laid  up  in  three  parallel  planes.  The  same  method  will  be 
seen  in  Fig.  158,  where  the  coils  are  secured  by  six  wooden  clamping 
pieces  bolted  on  to  the  end  flanges. 


Fig.  167.  Fia.  168. 

Figs.  167-168. — •  Methods  of  retaining?  armature  end  windings. 

Fig.  165  illustrates  the  method  employed  with  the  special  wind- 
ing of  the  B.T.H.  alternator  given  in  Fig.  162.  In  this  method  a 
large  ring  is  placed  at  the  internal  periphery  of  the  end  windings  and 
is  strapped  back  at  several  points  by  WTOught  iron  straps  on  to  the 
end  flanges  above  the  coils.  Another  instance  of  this  construction  is 
clearly  shown  in  Fig.  166  which  relates  to  a  3000  kva.  750  R.P.M. 
4-Pole  13100  volt  three-phase  generator  built  for  the  Chicago  & 
Milwaukee  Electric  Railroad  Co.  by  the  General  Electric  Co.  of 
America.     Figs.  167  and  168  illustrate  two  other  alternative  types 


*  See  article  by  F.  Punga  on  "The  Sudden  Short  Circuituig  of  AltematoFs/' 
Electrician,  Aug.  31,  1906,  vol.  57,  p.  765. 
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of  clamping  brackets  suggested  for  dealing  with  certain  cases  of 
windings  where  the  coils  have  a  very  large  span,  as  is  especially  the 
case  with  two-pole  machines.  Fig.  169  shows  an  armature  of  the 
Lahmeyer  Company  in  which  the  coil  retaining  arrangements  are  sim- 
ilar to  Figs.  167  and  168.    Wherever  practicable,  far  more  substan- 


Fia.  169.  —  Turbo-altemator  armature  of  Lahmeyer  Co.  showing  arrangements 
for  securing  end  windings. 

tial  securing  of  the  end  connections  should  be  adopted  than  is  shown 
in  any  of  these  examples.    This  is  a  point  of  very  great  importance. 

Two-pole  alternators  (and  very  often  4-pole  alternators)  generally 
have  whole  coiled  windings  whether  they  are  single-phase  or  poly- 
phase, as  a  half  coiled  winding  with  only  2  poles  would  give  a  very 
unsymmetrical  winding  which  would  be  ugly  mechanically.  Thus,  if 
a  2-pole  3-phase  winding  were  arranged  as  a  half   coiled  winding, 
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there  would   only  be  3  coils  altogether,  i.e.,  one  coil  per  phase  per 
pair  of  poles,  and  such  a  winding   would,  mechanically,  be  very 
unsatisfactory. 
Fig.  X70  illustrates  a  2-pole  3-phase  alternator  in  process  of  wind- 


FiQ.  170. —  Winding  a  2-pole  3-phase  armature —  Bruce  Peebles  &  Co. 

mg.   This  winding  is  whole  coiled,  and  has  2  coils  per  phase  —  6  coils 
in  all,  laid  up  in  three  parallel  ranges. 

Figs.  171,  172,  and  173  are  examples  of  Messrs.  Brown  Boveri 
&  Co.'s  armatures  showing  windings  of  dififerent  types.  Fig.  171 
relates  to  a  5000-kw.,  10,500-volt,  1000  R.P.M.  50-cycle  3-phase 
alternator.    Fig.  172  relates  to  a  3000-kw.  3000-volt  1360  R.P.M. 
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45-cycle  single-phase  generator.    Fig.  173  relates  to  a  1000-kw.  370- 
volt  1500  R.P.M.  50-cycle  turbo-generator. 


FiQ.  171. —  Armature  of  5000-kw.  3-phaae  10500-voIt  1000-r.p.m.  60-cycle 
alternator —  Brown  Boveri  and  Co. 


An  interesting  point  in  all  these  examples  relates  to  the  provision 
made  for  retaining  the  end  windings.  Designers  cannot  afford  to 
neglect  any  practicable  means  for  adding  strength  to  the  arrange- 
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ments  employed  for  this  purpose.    The  frame  constructions  shown 
in  Figs.  171,  172  and  173  are  also  of  interest. 


Fig.  172.  —  Armature  of  3000-kw.  single  phase  3000-volt  45-cycle  1360-r.p.m. 
alternator  —  Brown  Boveri  and  Co. 

Rotating  Field  Structures.  —  A  great  deal  of  attention  has 
been  given  to  the  constructional  problems  arising  in  the  design  of 
rotating  fields  for  high  speed  alternators.    Several  very  satisfactory 
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designs  have   been  evolved  by  the  various  manufacturing  firms. 
There  are  many  different  possibilities   of  construction,  depending 


Fig.  173. —  Armature  of  1000-kw.  370-volt  1500-r.p.m.  50-cycle  alternator- 
Brown  Boveri  and  Co. 


upon  the  individual  requirements  of  each  case,  and  we  shall  first  deal 
with  representative  types  at  present  employed,  and  then  refer  more  in 
detail  to  the  actual  constructions  employed  by  the  different  firms. 

The  material  to  be  used  depends  to  some  extent  upon  the  style  of 
construction,  and,  sp)eaking  generally,  the  properties  of  the  material 
as  regards  homogeneity,  durability,  elasticity,  and  tensile  strength  are 
all  important  factors.    Castings  should  be  avoided  except  in  special 
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cases,  or  where  the  peripheral  speed  is  low.  Cast  steel  may  sometimes 
be  employed,  but  there  is  danger  from  blow  holes.  The  preferable 
materials  are  varieties  of  wrought  iron  or  forged  steel  of  best  quality. 


Fig.  176. 

Figs.  174-176. —  C.  E.  L.  Brown's  cylindrical  slotted  rotating  field  constructions 
(from  D.  R.  P.  138253  of  1901). 


The  large  rotors  of  the  5500-kw.  generators  at  the  Chelsea  station 
of  the  London  Underground  Electric  Railways  Co.  are  built  of 
"Whitworth  Fluid  Pressed  Steel. " 

In  Chapter  IV  have  been  given  some  notes  on  the  properties  of 
materials  used  in  the  construction  of  the  various  parts  of  rotating 
field  systems. 

There  are  two  general  tyf)es  of  rotating  field  in  use,  the  one  having 
definite  pole  pieces  with  bobbins  and  coil  windings,  the  other  con- 
sisting of  a  smooth  core  with  the  windings  arranged  in  slots.  A 
British  patent  of  Swinburne  and  Crompton  {No,  17^120  of  1886) 
describes  a  rotating  field  magnet  built  of  laminated  sheets  with  the 
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winding  distributed  in  slots  or  wound  through  holes  near  the  air 
gap  surface.  The  smooth  drum  type  was  employed  by  C.  E.  L. 
Brown  in  the  first  turbo-altemators  of  Messrs.  Brown  Boveri  &  Co. 
and  at  the  present  time  Messrs.  Brown  Boveri  &  Co.  use  this  type 
in  all  their  machines,  from  100  kw.  at  3000  R.P.M.  to  6000  kw.  at 
750  R.P.M.  Figs.  174,  175,  and  176  illustrate  forms  of  Brown's 
construction  as  set  forth  in  German  Patent  No.  138,253  of  1901.  The 
patent  claim  relates  to  the  subdividing  of  the  field  winding  into  a 
number  of  slots  with  a  view  to  distributing  the  centrifugal  force  of 
the  winding,  the  whole  of  the  field  iron  being  thereby  brought  into 
close  proximity  with  the  armature  face,  and  the  space  between  the 
usual  salient  pole  pieces  being  utilised.  It  might  be  thought  that 
such  a  scheme  and  the  presence  of  the  winding  teeth  would  lead  to 
stray  fields  and  undue  magnetic  leakage,  but  this  has  not  proved 
to  be  the  case.  Several  varieties  of  construction  are  described  in 
C.  E.  L.  Brown's  patent,  the  differences  being  chiefly  in  the  nature 
of  the  slot  arrangement.  In  the  case  of  Fig.  174  the  slots  are  milled 
parallel  to  the  axis  of  the  magnet  poles;  in  Fig.  175  the  slots  are 
radial;  they  may  also  have  their  axis  perpendicular  to  the  magnet 
axis  similar  to  the  Westinghouse  structure  shown  in  Figs.  185  and 
186,  or  they  may  consist  of  a  series  of  tunnel  slots,  which  may  some- 
times be  more  suitable  for  cable  windings,  as  in  Fig.  176. 

Figs.  174,  175,  and  176  show  2-pole  systems,  but  the  structures 
are  easily  extended  to  multipolar  designs  where  they  work  out  more 
satisfactorily  owing  to  the  smaller  lengths  of  the  embedded  parts 
df  the  field  winding.  The  open  slots  may  be  closed  by  wedges  of  a 
special  non-magnetic  bronze,  with  or  without  an  insulating  wedge, 
according  to  the  exciter  voltage. 

In  Brown^s  construction,  the  rotor,  except  in  the  large  sizes,  is 
usually  made  from  a  solid  piece  of  steel.  The  steel  forging  con- 
sists of  a  solid  central  block  with  the  ends  drawn  out  to  form  the 
shaft.  The  first  operation  is  to  turn  into  the  body  a  number  of 
cylindrical  grooves  to  form  the  ventilating  ducts.  After  this,  the 
slots,  which  ar6  to  ultimately  contain  the  field  windings,  are  milled 
out  longitudinally  on  the  surface  of  the  core.  Slots  are  only  cut  at 
such  places  as  are  required  for  the  windings,  and  the  parts  at  the 
centres  of  the  field  coils  are  left  unslotted. 

This  constitution  should  be  compared  with  that  which  has 
been  employed  by  the  Oerlikon  Company  for  the  rotors  which  are 
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described  on  pages  250  to  254.  These  are  made  from  stampings,  and 
are  slotted  all  around  the  periphery.  It  is  advantageous  to  provide 
the  entire  periphery  with  slots  for  the  purpose  of  saturating  the  iron 
at  these  points,  but  when  the  slots  are  milled  out,  the  cutting  of 
these  slots  would  be  a  considerable  and  needless  expense  which  is 
inconsiderable  when  the  slots  are  stamped. 

The  coils  of  Messrs.  Brown  Boveri  &  Co/s  rotors  are  shaped  on 
formers  and  are  afterwards  assembled  in  the  slots.  A  finished  rotor 
is  shown  in  Fig.  177. 


Fro.  177.  —  Finished  rotor  of  a  Brown  Boveri  turbo-altemator. 

For  large  sizes  Messrs.  Brown  Boveri  &  Co.  use  laminated  sheet 
iron  assembled  on  a  steel  shaft,  the  general  design  being  very  similar 
to  that  employed  when  the  rotor  is  composed  of  a  solid  piece  of 
steel.  The  end  parts  of  the  winding  are  held  in  place  by  bronze 
cylinders  similar  to  those  employed  in  continuous  current  armatures. 
The  inside  of  these  covers  is  well  insulated,  and  the  windings  press 
on,  when  running,  by  their  own  centrifugal  force.  A  series  of  radial 
wings  on  the  covers  provides  an  air-draught  for  cooling.  The  excit- 
ing current  is  leil  in  at  two  cast-iron  slip-rings,  which  are  placed  one 
at  each  end  of  the  rotor. 
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Fig.  178  illustrates  a  solid  smooth  type  construction  of  Messrs. 
Lahmeyer.  The  Oerlikon  Company  usually  employs  for  all  sizes  a 
smooth  core  type  of  slotted  drum  rotor,  built  from  laminations  of 
sheet  steel.  On  page  276  will  be  found  some  details  of  a  1000  kw. 
machine  built  by  this  firm  in  the  year  1901.  In  the  Oerlikon  Com- 
pany's^ earliest  construction  the  iron  core  was  in  the  form  of  a  hollow 
laminated  cylinder,  and  was  provided  at  its  periphery  with  120 
equally  spaced  closed  slots  in  which  the  winding,  in  the  form  of  copper 
rods,  was  embedded.  A  photograph  of  the  rotor  is  shown  in  Fig. 
179.  The  individual  turns  were  led  through  between  the  shaft  and 
the  inner  surface  of  the  hollow  cylinder  after  the  fashion  of  a  Gramme 
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FiQ.  178. —  Finished  rotor  of  Lahmeyer  turbo-alternator. 

ring  armature  winding.  At  four  points  between  each  pair  of  magnet 
poles,  four  slots  were  left  without  any  winding,  since  windings  in  the 
neighbourhood  of  the  magnet  axis  make  only  an  inappreciable  con- 
tribution to  the  magnetic  field,  and  give  to  the  distribution  of  the 
intensity  of  the  magnetic  field  an  unfavourable  triangular  form. 
Fig.  180  illustrates  a  rotating  armature  of  a  machine  which  the 
Oerlikon  Co.  built  at  the  same  time.  The  winding  was  carried  out 
as  a  drum  winding,  the  ends  being  laid  up  spirally  in  barrel  fashion. 
This  type  of  machine  has  been  abandoned  in  favour  of  the  rotating 
fiekl  type. 

In  the  Oerlikon  Company's  more  recent  constructions  the  sheet 
iron  of  the  rotor  is  provided  with  relatively  large,  uniformly  distrib- 
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uted  slots,  a  few  slots  in  the  neighbourhood  of  the  poles  remaining 
unwound.  The  remaining  slots  are  filled  out  with  spirally  formed 
coils  wound  on  formers  and  retained  in  the  mouths  of  the  slots  by 
means  of  metallic  wedges.    It  is  evident  that  the  unwound  slots  may 


Fig.  180.  —  Rotating  armature  of  an  early  type  of  200  kw.  polyphase  alternator 
built  by  the  Oerlikon  Co. 

be  filled  up  with  magnetic  material,  or  that,  as  an  alternative  plan, 
the  rotor  iron  need  not  be  stamped  out.  However,  in  general,  pre- 
cisely this  decrease  in  the  iron  cross  section,  resulting  from  the 
removing  of  the  magnetic  material  of  these  slots,  affords  a  con- 
venient means  to  give  to  the  saturation  curve  of  the  generator  a 
form  offering  advantages  as  regards  voltage  regulation. 


Fig.  181. —  Unwound  field  of  250  kw.  Oerlikon  alternator. 


Rg.  181  shows  an  unwound  rotating  field  of  this  Oerlikon  type. 
It  is  constructed  of  stampings  assembled  on  a  shaft  and  clamped 
between  two  strong  end  flanges  which  are  formed  in  one  piece  wdth 
a  cylindrical  barrel  on  which  the  end  parts  of  the  field  coils  are 
bedded. 
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Fig.  183.—  Finished  rotor  of  bipolar  2-pha8e  400-kw.  5000-volt  42-cycle 
2520-r.p.m.  Oerlikon  alternator. 

In  Fig.  182  a  similar  rotor  is  seen  with  the  field  coils  assembled  in 
the  slots,  but  without  the  cylindrical  end  covers  in  place.  Fig.  183 
depicts  a  finished  rotor  of  this  type.  The  slots  are  completely 
covered  in  with  wedges  and  the  end  windings  are  covered  in  by 
the  cylindrical  shields. 

The  development  of  the  Oerlikon  CJompany's  field  construction 
since  the  earliest  machines,  is  illustrated,  so  far  as  relates  to  the 


Fig.  184.  —  Laminations  for  rotating  fields  of  Oerlikon  high  speed  alternators. 
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stampings,  by  the  group  in  Fig.  184,  which  correspond  to  the  three 
types  of  machine  outlined  above. 

A  similar  smooth  drum  construction  has  been  used  for  bipolars  by 
the  Westinghouse  Company.  The  construction  is  illustrated  in  Fig.  185 
and  resembles  one  of  Brown's  constructions.  The  end  connections 
of  the  field  windings  are  embedded  in  milled  slots,  dispensing 
with  the  end  covers  of  Brown's  structiu^e.  The  winding  slots  are 
here  milled  in  all  round  the  rotor  body  at  right  angles  to  the  pole 
axis,  and  the  windings  are  secured  by  strong  key  pieces  in  the  mouths 
of  the  slots. 

With  such  a  construction  it  is  not  possible  to  shape  the  coils  on 
formers,  but  it  is  necessary  to  wind  them  by  hand.    In  large  sizes  the 


Fig.  185.  —  A  Westinghouse  2-pole  field  structure. 


Westinghouse  Company  often  use  a  structure  with  definite  pole  pieces, 
the  winding  being  embedded  in  milled  slots  similar  to  the  above. 
Fig.  186  is  a  photograph  of  a  rotor  for  one  of  the  33-cycle  3500  kw. 
alternators  supplied  by  the  British  W^estinghouse  Co.  for  the  Neasden 
station  of  the  Metropolitan  Railway  of  London.  It  is  shown  with  the 
field  windings  in  place.  This  rotor  is  constructed  of  solid  forgings  of 
Whitworth  fluid  pressed  steel,  manufactui'ed  from  best  Swedish  iron. 
After  the  iron  has  been  melted  in  a  Siemens-Martin  furnace,  it  is  run 
into  special  mould  boxes  and  subjected  to  hydraulic  pressure  while 
in  the  fluid  state.  Then  it  is  reheated  and  forged,  giving  a  thoroughly 
worked  and  uniform  material.  The  sections  are  rough  tooled  and 
annealed  before  final  machining. 
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For  the  purpose  of  winding  the  field,  the  rotor  is  mounted  on  a 
horizontal  rotating  table  similar  to  the  bed  of  a  horizontal  boring 


Fig.  186.  —  A  Westinghouse  4-pole  field  structure. 

mill,  with  the  axis  of  the  poles  about  to  be  wound  standing  vertically. 
The  conductor  consists  of  copper  strip  wound  flat  in  the  slots  with  a 
layer  of  paper  insulation  wound  at  the 
same  time  as  the  conductor. 

The  slots  are  closed  with  phosphor 
bronze  key  bars  which  secure  the  wind- 
ing in  the  slots.  A  disadvantageous 
feature  of  this  type  of  rotor  lies  in  the 
fact  that  it  is  hand  wound.  If  a  break- 
down occurs  on  the  field,  the  complete 
rotor  must  be  taken  out,  and  if  there  are 
not  facilities  for  rewinding  the  field  coil 
on  site,  the  rotor  has  to  be  sent  back  to 
the  factory. 

At  each  end  of  the  rotor  is  an  "end 
beir'  consisting  of  two  bronze  cylinders 
with  radial  connecting  arms,  as  shown 
in  section  in  Fig.  187.  These  arms  chum 
air  in  through  the  end  bell  and  round 
the  field  windings  by  ducts  milled  in 
the  sides  of  the  pole  body  at  right  angles 
to  the  shaft,  and  so  out  through  the 
stator  ventilating  ducts. 

The  rotors  for  the  5500  kw.  4-pole  machines  at  the  Lot's  Road 
Generating  Station  of  the  London  Underground  Railways  Co.,  have 


Fig.  187.— End  bell  of 
Westinghouse  rotor. 
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a  diameter  of  172  cm.  (67f  inches)  at  the  pole  face,  giving  a  periph- 
eral speed  of  90  metres  per  second  (or  about  300  feet  per  second). 
For  bipolar  alternators  a  smooth  drum  is  almost  always  employed, 
although  it  is  possible  to  design  a  definite  pole  bipolar  structure. 
The  chief  difficulties  with  the  latter  relate  to  the  mechanical  retaining 


Fig.  188.— Bipolar  laminated  field— Westinghouse  Co.  300-kva.  3000-r.p.m. 
6600-volt  50-cycle  3-phase. 

of  the  large  and  concentrated  masses  of  field  copper,  and  to  effective 
and  permament  balancing. 

Fig.  188  shows  a  recent  type  of  bipolar  laminated  field  as  built  by 
the  Westinghouse  Company.  The  rated  output  of  the  machine  is 
300  kva.,  and  the  speed  is  3000  R.P.M.    It  will  be  noticed  that  the 


Fia.  189.—  Turbo-alternator  field—  Walker  compensated  type  3-phase 
C50-kva.  25-cycle  1500-r.p.m. 

winding  is  placed  in  tunnel  slots,  and  that  ventilation  is  obtained  by 
means  of  vanes  on  the  end  bells. 

Figs.  189  and  190  show  two  laminated  fields  wound  with  the  Miles 
Walker  Compensating  ^¥inding.    They  are  for  machines  of  650  and 
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3000  kva.  rated  output  respectively. 
Both  these  rotors  are  provided  with 
air  circulating  fans  at  each  end. 

Figs.  191,  192,  and  193  illustrate 
constructions  which  have  been  em- 
ployed by  the  Allgemeine  Elektricitats 
Gesellschaft  for  their  turbo-alternator 
rotors.  Fig.  191  is  a  section  through 
the  unwound  core  and  winding  covers 
of  a  500  kw.  3-phase  bipolar  alter- 
nator. 

From  this  lateral  section  drawing 
it  will  be  seen  that  the  shaft  and  core 


Fig.  191  A, —  Section  of  coil  retaining 
wedges  of  A.E.G.  rotor. 

consist  of  a  single  forging  with  dove- 
tailed slots  milled  axially  on  the  sur- 
face. These  slots  serve  to  retain  the 
toothed  pieces  which  secure  the  field 
coils.  In  Fig.  191  A  the  tooth  and 
wedge  construction  is  clearly  shown. 
Fig.  192  shows  the  rotor  with  the 
field  coils  placed  in  position  after 
which  the  retaining  teeth  are  inserted. 
Each  tooth  consists  of  two  main 
parts  which  are  forced  laterally 
against  the  sides  of  the  dove-tailed 
slots  by  the  insertion  of  a  radial  strip 
which  is  in  turn  secured  by  a  small 
key  strip  at  the  outer  surface  of  the 
rotor. 
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Fig.  192  A  shows  a  completed  rotor  with  the  end  shields  in  place 
totally  concealing  the  windings. 


FiQ.  192.  —  Rotor  of  A.E.G.  turbo-altemator  showing  field  coils  in  place. 

Figs.  193  and  194  illustrate  a  smooth  drum  type  construction  of 
the  General  Electric  Co.  of  America.  An  interesting  feature  relates 
to  the  means  of  attachment  of  the  shields  for  the  end  windings.    The 


Fig.  192  A, —  Ck>mplete  rotor  of  A.E.G.  turbo-altemator. 


outer  retaining  cylinders  are  secured  to  the  inner  shell  by  a  large 
number  of  short  studs  which  relieve  the  outer  shell  of  part  of  the  stress 
of  the  end  windings.  These  are  the  rotors  of  the  9000  kva.  generators 
for  the  New  York  Edison  Co. 

A  laminated  construction  with  laterally  parallel  slots  has  been 
employed  by  the  Bullock  Company  in  some  of  their  bipolar  designs. 
A  section  through  the  end  of  the  rotor  showing  a  method   which 
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Fig.  193. —  Smooth  core  rotor  of  the  American  General  Electric  Co.'s  4-pole 
9000  kva.  760  r.p.m.  alternator. 


FiQ.  194.  —  Finished  rotor  of  the  American  General  Electric  Co.'s  4-pole 
9000  kva.  alternator. 
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they   have  employed   for  retaining  the  coils  is  shown  in  Fig.  195. 
The  end  windings  are  ventilated  by  means  of  air  passing  from  the 


Fig.  196. — A  Siemens-Schuckert  rotating  field  for  bipolar  alternator. 

internal  surface  through  the  spaces  between  the  coils  at  their  ends, 
and  out  through  circumferential  holes  in  the  end  covers.  The  core 
body  is  arranged  with  radial  ducts  linking  up  with  air  channels 


Fig.  197.  —  A  method  of  clamping  field  coils.      (General  Electric  Co.  of  America.) 

cut  axially  near  the  shaft.      This   arrangement   of   end    windings 
should  be  compared  with  the  Oerlikon  structure  shown  in  Fig.  183, 
page  255. 
We   have  referred   above  to   the   possibility   of    constructing  a 
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2-pole  rotor  with  definite  pole  pieces  and  a  concentrated  field 
winding.  Such  a  structure  would  in  appearance  resemble  the  old 
Siemens  H-type  armature.  A  recent  construction  on  these  lines  by 
the  Siemens  Schuckert  Werke  is  outlined  in  Fig.  196.  The  rotor 
consists  of  a  central  solid  hub  forming  two  pole  pieces.  The  field 
coils,  which  are  not  distributed,  are  retained  by  bracket  pieces  shaped 
to  give  the  rotor  a  smooth  cyUndrical  surface.    The  feature  of  interest 


Fig.  198.  -r-  Definite  pole  rotor  for  6-pole  5000  kva.  5000  r.p.m.  alternator  for 
'  Twin  City  Rapid  Transit  Co.     (General  Electric  Co.  of  America.) 

is  that  this  surface  is  made  to  have  an  elliptical  contour  instead  of  a 
circular  contour.  This  is  obtained  by  arranging  the  air  gap  to  be  of 
fairly  uniform  depth  under  the  greatest  part  of  the  pole  faces.  The 
depth  is  made  sufficient  to  give  the  required  regulation,  but  it  is  grad- 
ually widened  out  at  the  coil  retaining  brackets.  This  arrangement  is 
made  to  facilitate  the  entry  of  air  for  ventilation  at  the  gap  surface. 

Definite  Pole  Field  Structures. 

The  constructions  already  described  have  the  poles  and  yokes  all 
in  one  piece.  The  field  winding  is  subdivided  into  slots,  and  its  centri- 
fugal force  is  distributed  amongst  a  number  of  projecting  ribs  or  teeth. 
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Other  arrangements  already  in  use  comprise  a  solid  hub  with 
detachable  pole  pieces,  or,  as  an  alternative,  a  soUd  hub  and  poles 
in  one,  with  detachable  pole  shoes.  In  these  cases  the  winding  may  be 
carried  out  on  a  bobbin  slipped  on  the  poles  in  the  ordinary  way,  but 
special  arrangements  have  to  be  made  to  take  up  the  large  centri- 
fugal force  of  the  concentrated  masses  of  copper.  The  stresses  in 
various  parts  of  the  rotor,  are  dealt  with  in  Chapter  XII.  We  shall 
now  describe  some  constructions  of  this  nature. 


Figs.  199  A  and  B. —  Angle  brackets  for  retaining  field  coils. 


Fig.  200.  —  Subdivided  field  coil. 

Fig.  197  illustrates  a  rotor  construction  w^hich  has  been  employed 
by  the  General  Electric  Company  of  America  and  by  the  British 
Thomson-Houston  Company.  This  construction  comprises  a  lamin- 
ated hub,  a,  with  axial  slots,  Z,  into  which  projections  on  the  laminated 
pole  pieces  fit,  and  are  secured  by  square  wedges.  The  field  coils, 
g,  are  held  by  angle  brackets,  k,  between  the  poles,  and  the  end 
portions  of  the  coils  are  secured  by  metal  straps,  cc,  held  by  the 
wedges  which  secure  the  pole  pieces. 

A  photograph  and  drawings  of  a  complete  rotor  on  these  lines  is 
shown  m  Fig.  198  which  relates  to  a  5000  kva.  6-pole  1000  R.P.M. 
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three-phase  alternator  built  for  the  Twin  City  Rapid  Transit  Co.  by 
the  General  Electric  Co. 

CJomplete  drawings  showing  the  constructional  details  of  a  similar 
rotor  will  be  found  in  Fig.  220  on  page  288.  The  angle  brackets  k 
(Fig.  197)  are  necessary  to  counteract  the  lateral  component  (at  right 
angles  to  the  axis  of  the  pole)  of  the  centrifugal  force  of  the  side  por- 
tions of  the  field  coils.  In  Fig.  197  these  brackets  are  retained  by  a 
number  of  bolts  whose  heads  are  recessed  into  a  channel  formed  at 
the  corners  of  the  hub  stampings. 

Other  methods  of  attaching  these  brackets  are  shown  in  Figs. 
199  A  and  B.  If  the  centrifugal  force  of  the  field  windings  is  too 
great  to  be  sustained   by  the  pole  shoe,  the  method   shown  in 


Fig.  201.—  4-poIe  rotating  field  for  1500  kw.  1500  r.p.m.  Bruce  Peebles 

alternator. 

Fig.  200  may  be  employed.  Here  the  coil  is  subdivided  into  three 
parts,  the  centrifugal  force  of  each  part  being  transmitted  to  the 
pole  body  by  means  of  a  ring  or  pin  sunk  into  a  channel  in  the  pole 
body. 

Messrs.  Bruce  Peebles  &  Co.  employ  a  solid  steel  casting  for  their 
4-pole  rotating  fields.  The  steel  is  cast  under  pressure  to  ensure 
homogeneity  and  absence  of  blow-holes.  A  complete  4-pole  Bruce 
Peebles  rotor  for  a  1500  kw.  1500  R.P.M.  alternator  is  shown  in 
Fig.  201.  The  field  coils  are  wound  flat  on  the  pole  pieces,  while  the 
main  casting  is  held  in  a  lathe  and  revolved  about  the  axis  of  the 
poles.  The  ends  of  the  field  coils  are  held  in  place  by  an  extension 
of  the  pole  shoe  which  is  cast  solid  with  the  main  casting.  The  angle 
brackets  are  of  gun  metal,  and  are  bolted  on  to  the  hub  by  special 
manganese  steel  bolts  which  are  locked  to  prevent  any  shifting. 
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In  a  construction  by  Messrs.  Dick  Kerr  &  C!o.,  the  angle  brackets 
are  not  secured  to  the  hub.  Fig.  202  shows  the  general  arrange- 
ment of  a  Dick  Kerr  alternator. 

The  rotor  consists  of  a  central  casting  comprising  the  hub  and 
pole  pieces  with  the  pole  shoes  detachable  and  dovetailed  into  the 
pole  cores.  The  field  coil  angle  brackets  are  in  two  halves  hinged 
together  at  their  lower  ends.  They  are  retained  by  the  overhanging 
pole  tips,  and  kept  rigid  by  adjustable  bolts  as  shown. 


Fig.  203.  —  Complete  Rotor  of  a  Dick  Kerr  turbo-alternator. 

Fig.  203  shows  a  general  view  of  a  complete  rotor.  In  such  a 
construction  the  entire  centrifugal  force  of  the  field  coils  has  to  be 
sustained  by  the  pole  shoes,  as  the  angle  brackets  are  not  anchored  to 
the  hub  as  in  Fig.  201. 

Fig.  204,  a  to  Z,  illustrates  a  variety  of  methods  of  attaching  pole 
shoes  and  pole  cores  suitable  for  use  in  high  speed  designs,  a,  6,  and 
c  are  more  applicable  to  moderate  speeds  where  the  diameter  is  suffi- 
ciently large  to  admit  of  a  cast  steel  hub  with  a  rim  through  which 
bolts  can  pass  to  secure  the  poles,  d  to  g'  are  adaptable  to  hubs 
fitting  direct  on  the  shaft,  being  either  solid,  laminated,  or  built  up 
of  thick  plates,  e  is  a  method  frequently  employed,  in  which  the 
root  may  consist  of  a  single  dove-tail,  as  shown,  or  may  be  divided 
into  two  if  the  stresses  would  otherwise  be  too  great.    /  is  suitable  for 
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laminated  poles  and  hubs,  the  alternate  stampings  being  staggered 
and  secured  by  parallel  wedges,  g  is  for  laminated  poles  and  hubs, 
and  has  already  been  referred  to  as  one  of  the  constructions  em- 
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Fig.  204.  —  Methods  of  attaching  pole  cores  and  pole  shoes. 


ployed  by  the  American  General  Electric  Company.  A  is  a  type 
suitable  for  4-pole  machines  where  the  diameter  is  not  large.  The 
hub  and  pole  pieces  are  built  from  plates  in  the  shape  of  a  cross,  and 


ROTATING  FIELD  STRUCTURES. 


271 


the  pole  shoes  are  secured  as  shown,  alternate  stampings  being  stag- 
gered and  secured  by  bars  passing  through  holes  in  the  pole  face; 
I  and  j  are  constructions  with  solid  poles,  in  one  piece  with  the  hub, 
with  laminated  shoes  let  into  grooves  in  the  pole  face.  In  i  these 
grooves  are  milled  flat,  and  in  j  they  are  turned  concentric  with  the  pole 
face,  the  two  operations  bemg  performed  at  one  setting  in  the  lathe. 
Figs,  k  and  I  relate  to  soUd  poles  and  hubs  with  a  detachable  shoe 
which  may  be  solid  or  laminated ;  with  poles  of  large  size  and  weight 
it  is  preferable  to  recess  the  dove-tail  into  the  shoe  as  in  Fig.  A,  and 
not  into  the  pole  as  in  Fig.  I.     In  the  latter  case  the  centrifugal 


Fig.  205.  —  General  arrangement  of  4000  kw.  3-pha8e  400  r.p.m.  60  cycle 
2400  volt  alternator  designed  by  Rushmore. 

force  of  the  shoe  itself  is  greater,  due  to  its  extra  weight,  and  this 
stress  has  to  be  borne  by  the  section  at  the  root  of  the  dove-tail.  Fig.  I 
has  been  employed  by  Messrs.  Parsons  and  by  Messrs.  Dick  Kerr  &  Co. 

All  the  constructions  shown  in  Fig.  204  permit  of  employing  field 
coils  wound  on  formers  and  are  slipped  into  place  on  the  field  poles 
after  winding.  These  methods  are  all  very  serviceable,  and  each 
one  presents  advantages  peculiar  to  itself  rendering  it  applicable  in 
certain  cases. 

Field  Constructions  for  Water  Wheel  Generators,  —  In  the  case  of 
generators  driven  by  water  turbines  as  the  prime  mover,  the  average 
range  of  speeds  is  not  so  high  as  that  for  steam  turbines.    The  speed 
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does  not  usually  exceed  400  to  600  R.P.M.,  and  thus  water  wheel 
alternators  will  have  a  number  of  poles  ranging  from  8  to  20. 

The  normal  speed,  however,  is  not  the  maximum  speed  at  which 
the  generator  is  Uable  to  run,  but  it  is  subject  to  a  speed  about  twice 
normal  speed,  as  water  wheels  usually  operate  at  a  speed  which  gives 
the  rim  a  peripheral  speed  equal  to  one  half  the  spouting  velocity 
of  the  water. 


Fig.  206.  —  Assembled  field  core  of  4000  kw.   alternator,  designed  by  Rushraore. 

The  field  has  therefore  to  be  designed  with  sufficient  mechanical 
strength  to  provide  against  the  stresses  at  such  high  speeds  as  100 
per  cent  over  normal  speed.  A  generator  having  a  normal  peripheral 
speed  of  40  metres  per  second  may  have  to  withstand  the  stresses 
which  would  occur  at  a  speed  of  80  metres  per  second.  For  this 
reason  it  is  desirable  not  to  employ  cast  rims  for  the  magnet  yoke, 
but  to  use  some  form  of  laminated  or  forged  construction. 

A  good  design  by  D.  B.  Rushmore*  is  shown  in  Figs.  205,  206  and 
207.  The  machine  is  a  4000  kw.,  400  R.P.M.,  60-cycle  2400-voIt 
3-phase  generator.  The  rim  of  the  revolving  part  is  built  from  sheets 
of  iron  one  eighth  inch  thick.    A  single  section  of  the  rim  comprises 

*  See  "The  Mechanical  Construction  of  Alternators/'  D.  B.  Rushmore,  Proc. 
American  Institute  Electrical  Engineers,  April  22,  1904. 
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two  poles,  and  the  part  between  them  as  is  seen  in  Fig.  205.  The 
laminations  are  dove-tailed  into  steel  ribs  which  run  parallel  to  the 
shaft  and  are  riveted  into  the  end  plates.  The  whole  mass  of  pole 
and  yoke  laminations  is  riveted  together  by  long  rivets  passing 
through  the  end  plates  and  securing  the  poles  to  them  as  shown  in 
Fig.  206. 

The  field  coils  are  wound  on  bobbins  and  are  secm-ed  to  the  poles 
by  the  pole  shoes.    The  latter  are  laminated  and  fit  in  grooves  formed 
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Fig.  207.  —  Wound  field  of  4000  kw.  alternator,  designed  by  Rushmore. 

on  the  pole  face  by  arranging  the  alternate  pole  stampings  shorter 
and  longer,  in  a  similar  manner  to  that  shown  in  Fig.  204  i. 

The  bolts  which  pass  through  the  pole  shoes  to  secure  them,  project 
at  either  end  so  as  to  retain  the  end  parts  of  the  field  coils  by  clamp- 
ing the  phosphor  bronze  brackets.  Three  angle  brackets  are  pro- 
vided between  each  pair  of  poles  and  take  up  the  lateral  component 
of  the  centrifugal  force  of  the  coils  which  would  tend  to  make  them 
bulge.  These  brackets  are  held  in  place  by  straps  passing  over  them 
and  down  between  the  laminations  of  the  field  ring,  below  which  a 
rod  is  run  through  a  hole  in  their  ends  as  shown  in  Fig.  207. 

With  such  a  built-up  plate  construction  for  the  pole  system,  the 
coils  may  be  retained  by  a  wedge  piece  engaging  in  two  slots  on  the 
side  of  the  pole  near  the  face.    Such  an  arrangement  is  shown  in 
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Fig.  211. —  General  arrangement  of  1200  kva.  S-phase  150C 


p.m.  4-pole  60  cycle  1165-2000  volt  Oerlikon  turbo-altemator. 
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Rg.  208,  which  relates  to  a  3750  kw.  20-pole  3-phase  2200  volt 
30  cycle  100  r.p.m.  Westinghouse  alternator.  A  single  field  stamp- 
ing is  given  in  Fig.  208,  and  Figp.  209  and  210  show  the  manner  in 
which  the  pole  stampings  are  cut  from  the  sheet. 

Some  advantages  claimed  for  the  smooth  drum  construction  for 
rotating  fields  of  turbo-alternators  relate  to  the  diminution  of  the 
losses  by  air  friction,  and  to  the  more  noiseless  running. 

The  first  of  these  advantages  is  undoubtedly  secured,  but  on  the 
other  hand  with  a  continuous  drum  revolving  within  and  close  to 
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Fig.  209. 


Fio.  210. 


Figs.  209  and  210.  —  Field  magnet  stampings  of  Westinghouse  3750  kw. 
20-poIe  alternator. 

the  stator  the  ventilating  properties  are  not  so  good  as  with  the 
definite  pole  construction  with  spaces  between  the  poles. 

On  the  second  point  the  smooth  construction  has  the  advantage: 
the  sudden  variations  in  the  sections  of  the  currents  of  air  caused  by 
projections  or  irregularity  in  the  shape  of  the  rotating  element  aug- 
ment the  hum  associated  with  high  speed  machines.  From  this 
standpoint  the  rotor  should  be  designed  to  present  to  the  air  as 
smooth  surfaces  as  possible. 

The  definite  pole  construction  has,  however,  been  successfully 
employed  in  large  sizes  by  several  makers.  In  large  rotors  the  solid 
construction  is  preferable  to  a  built-up  structure,  on  the  score  of 
simplicity  and  safety,  and  also  because  it  presents  less  liability  to 
unbalancing  troubles.  The  question  of  balancing  is,  of  course,  of  the 
utmost  importance.  The  component  parts  of  the  rotor  should  be 
balanced  individually  and  afterwards  the  whole  assembly,  both  for 
static  and  for  running  balance. 


276         CONSTRUCTION  OF  HIGH  SPEED  ALTERNATORS. 

For  the  application  of  balance  weights,  dove-tail  or  channel  shaped 
grooves  are  turned  on  some  solid  part  of  the  rotor  at  as  large  a  radius 
as  practicable,  the  necessary,  weight  required  to  effect  a  balance  being 
thus  reduced. 

Examples  op  Turbo-Alternators. 

Turbo-Alternators  of  the  Oerlikon  Company.* 

When  in  the  year  1900  the  Oerlikon  Company  undertook  the  con- 
struction of  steam  turbines  with  alternating  current  generators,  three 
generators  of  three  different  types  were  at  first  put  in  hand.  These 
were  respectively  of  the  inductor  type,  the  rotating  armature  type 
and  the  rotating  field  type.  The  actual  machines  put  in  hand 
were: 

1.  A  polyphase  generator  for  an  output  of  1200  kilovolt  amperes 
at  1500  R.P.M.  and  50  cycles.  This  generator  was  of  the  inductor 
type  m  which  the  rotating  part  has  no  windings  upon  it. 

2.  A  quarter  phase  generator  for  an  output  of  600  kilovolt  amperes 
at  2520  R.P.M.  and  42  cycles  per  second  with  a  rotating  armature 
and  external  stationary  field  magnets. 

3.  A  polyphase  generator  for  1200  kilovolt  amperes  at  1500  R.P.M. 
and  50  cycles  with  a  rotating  field  wound  after  the  fashion  of  a  con- 
tinuous current  armature,  that  is,  having  the  field  windings  dis- 
tributed in  slots,  and  with  an  external  stationary  armature. 

The  two  first  systems  were  shortly  afterwards  given  up;  to-day 
the  alternating  current  generators  of  the  Oerlikon  Company  are  built 
only  in  accordance  with  the  third  system,  that  is,  of  the  rotating 
field  type  only,  and,  moreover,  the  rotating  fields  are  all  of  the 
cylindrical  construction  as  distinguished  from  definite  pole  con- 
structions. 

The  construction  and  putting  in  service  of  these  generators 
occurred  toward  the  end  of  the  year  1901.  Fig.  211  is  an  out- 
line drawing  of  the  third  machine,  to  which  the  following  data 
relates: 

Rated  output 1000  kw.  —  1200  kva. 

Terminal  voltage 2000 

Number  of  phases 3 

♦  Further  details  of  construction  of  the  Oerlikon  Company's  high  speed  alterna- 
tors will  be  found  on  pp.  251  to  255  of  this  chapter. 
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Fio.  212. —  General  arrangement  of  250  kva.  3-phafle 


KXX)  r.p  jh.  2-pole  50  cycle  Oeriikan  turbo-altemaior. 
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Volts  per  phase 1155 

Frequency 50 

Speed  R.P.M 1500 

Number  of  poles 4 

Dimensions  in  Millimetres 

Air  gap  diameter  of  stator  (D) 862 

External  diameter  of  stator 1550 

Gross  length  of  armature  core  (Xg) 850 

Number  of  ventilating  ducts 3 

Width  of  each  duct 32 

Net  length  of  laminations  (A») 680 

Polar  pitch  at  air  gap  (t) 676 

Output  coefficient  (0 1,27 

Ratio  7^ 0.8 

Radial  length  of  air  gap % 6.5 

Ratio  i 1.25 

T 

Number  of  stator  slots 36 

Number  of  rotor  slots 120 

Stator  slot  pitch 75 

Rotor  slot  pitch 19 

4  conductors  per  slot  corresponds  to  24  turns  per  phase,  and  to  a 
flux  of  22  megalines  per  pole. 

The  general  construction  of  the  rotating  field  for  this  type  of 
machine  has  been  fully  described  on  pages  250  to  254. 

Data  for  an  Oerlikon  250  kw.  S-Phase  3000  R,P,M.  2-Pote  SO-Cyde 

Alternator. 

An  assembly  drawing  of  this  machine  is  shown  in  Fig.  212,  and  the 
following  is  a  short  specification  and  analysis  of  the  design: 

Output  in  kva 250 

Number  of  phases 3 

Frequency 50 

Speed  in  R.P.M      3000 

Output  coefficient 0.000467 

Peripheral  speed  in  metres  per  second 81 

Diameter  at  air  gap  (D) 516 

External  diameter 990 

Gross  axial  length  of  core  (>l^) 670 

Number  of  ventilating  ducts  in  core 10 

Width  of  each  duct 8 

Effective  core  length  (4) 530 
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Ratio  7 0.79 

Number  of  slots 36 

Slot  pitch  at  armature  face 46.3 

Depth  of  slot 35 

Depth  of  iron  above  slot 202 

Ratio  ^ 0.85 

Number  of  slots  per  pole  per  phase 6 

Field  Magnet  System 

Number  of  poles 2 

Radial  length  of  air  gap 8 

Diameter  at  pole  face ."   .   .   .  500 

Pole  pitch  (t) 785 

Number  of  slots 48 

Slot  pitch  at  face 32.7 

Conductors  per  slot    . 1 

Rotor  slots  per  pole 20 

Axial  length  of  field  core 640 

Number  of  ventilating  ducts 7 

Width  of  each  duct 10 

Net  axial  length 513 

Depth  of  field  laminations 130 

The  stator  winding  is  whole  coiled  and  laid  up  in  three  ranges. 
There  are  thus  6  coils,  2  in  each  range. 

The  field  winding  is  thoroughly  distributed  in  radial  slots,  the  end 
portions  of  the  coils  being  retained  by  cylindrical  end  shields.  The 
latter  are  perforated  with  holes  near  the  shaft  thus  admitting  of  air 
circulation  along  the  shaft  and  up  the  ducts  in  the  rotor  core. 

Data  for  an  Oerlikon  1000  km.  1500  R.P.M,  i-Pole  SO-Cyde  5200- Foft 
Single-Phase  Alternator. 

This  machine  is  illustrated  in  Fig.  213,  and  drawings  are  given  in 
Figs.  214  and  215. 
The  following  is  a  specification  and  analysis  of  the  design: 

Dimensions  in  Millimetrea. 

Rated  output  at  unity  power  factor 1000 

Number  of  phases 1 

Periodicity  in  cycles  per  second 50 

Speed  in  revolutions  per  minute 1500 

Number  of  poles 4 

Terminal  voltage 5200 
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Current  per  terminal 193 

Voltage  per  phase 5200 

Armature  Iron 

Internal  diameter  of  laminations  (at  air  gap)  (D) 870 

External  diameter  of  laminations 1500 

Gross  length  of  core  between  flanges  (Xg) 1010 

Number  of  ventilating  ducts 12 

Width  of  each  duct 10 

Effective  length  of  core  (iron)  (^n) 800 

Number  of  slots 48 

Depth  of  slot 70 

Width  of  slot 28.3 

Rotating  Field 

External  diameter  of  laminations  (at  air  gap) 840 

Internal  diameter  of  laminations 380 

Gross  length  of  core  between  flanges 950 

Number  of  ventilating  ducts ^ 11 

Width  of  each  duct 10 

Effective  length  of  core  (iron) 756 

Number  of  slots 32 

Depth  of  slot 116 

Width  of  slot 35.6 

Armature  Winding 

Number  of  slots  per  pole,  wound 10 

Number  of  conductors  per  slot 8 

Total  number  of  face  conductors 160 

Number  of  turns  in  series  per  phase 80 

Number  of  wires  in  parallel  per  conductor 8 

Diameter  of  each  wire 4.4 

Effective  cross  section  of  conductor 1 .  22 

Current  density 158 

Arrangement  of  wires  in  slot 4x8 

Resistance  at  20°  C 0.05 

Space  factor  of  slot 0.12 

Field  Winding 

Number  of  slots  per  pole  wound, 6 

Number  of  conductors  per  slot 44 

Turns  in  series  per  pole 132 

Nature  of  conductor Strip 

Dimensions  of  conductor,  bare 3  X  13 

Effective  cross  section  of  conductor 0.39 

Total  resistance  of  field  at  20°  C 0.9 

Space  factor  of  slot .  0 .  415 


EXAMPLES  OF  TURBO-ALTERNATORS.  281 

Magnetic  Data 

Flux  in  armature  (megalines) 39 

Dispersion  coefficient 1.25 

Flux  in  field 46 

Corresponding  average  flux  densities  in  lines  per  sq.  cm 

Armatiu^  core 9400 

Armatiu^  teeth 14,000 

Air  gap 5300 

Field  teeth 22,000 

Weights  and  Costs 

KUogrami    Dollan 

Armature  laminations 6650  820 

Field  laminations 1900  240 

Effective  iron,  total 8550  1060 

Armature  copper 400  200 

Field  copper 800  400 

Eflfective  copper,  total 1200  600 

Total  effective  material 9750  1660 

Effective  material  per  kva.  output 9.75  1.60 

Efficienct  (per  cent) 

Full  load 97 

Half  load 96 

Quarter  load 93 

Constants  and  Coefficients 

Output  coefficient  (e) 0.865 

Ampere  conductors  per  centimetre  (a) 112 

Flux  per  square  centimetre  (/?) 5300 

Peripheral  speed  (5) 66 

Ratio^f 1.49 

T 

Ratiof 0.86 

Ratio  of  field  ampere  turns  to  armature  ampere  turns 1.9 

Stator.  —  The  frame  consists  of  a  cast  iron  shell  divided  across  the 
centre  line  of  the  machine.  The  laminations  are  built  up  on  four 
ribs  cast  radially  inwards  from  the  frame,  and  are  clamped  between 
substantial  end  plates  by  means  of  bolts  passing  through  holes  near 
the  outer  periphery  of  the  laminations.  Twelve  ducts  are  provided  in 
the  armature  laminations  in  addition  to  the  two  end  ducts,  and  the 
great  depth  of  the  ribs  on  the  frame  provides  a  channel  for  the 
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air,  which  is  drawn  through  apertures  in  the  bed  plate,  into  the 
machine,  and  is  expelled  from  a  series  of  apertures  in  the  top  of  the 
machine. 

The  laminations,  which  are  in  twelve  sections,  are  secured  by 
feather  keys,  each  of  which  is  fastened  to  the  frame  by  nine  bolts. 
The  slots  are  wide  open  with  grooves  in  the  teeth  to  fix  the  wedges 
for  securing  the  armature  winding. 

The  winding  consists  of  one  coil  per  pole  in  five  sections,  leaving 
eight  of  the  forty-eight  slots  unwound,  and  is  secured  to  the  frame  by 
brackets  of  strip  iron  bolted  to  the  end  flanges. 

Rotor.  —  The  rotor  consists  of  laminations  keyed  directly  upon  the 
shaft,  and  held  together  by  stout  end  plates.  For  ventilation, 
there  are  provided  eleven  ducts,  which  are  equally  spaced  between 
the  ducts  in  the  stator  laminations.  The  air  is  led  to  these  ducts 
through  twelve  longitudinal  holes  in  the  laminations,  each  hole  being 
5  centimetres  diameter.  There  are  32  radial  slots  which  are  also  of 
the  open  type,  and  the  V-grooves  for  the  wedges  are  specially  large 
to  resist  the  heavy  stresses  due  to  the  centrifugal  force  on  the  winding. 
Only  24  of  the  slots  are  used  for  the  winding.  The  end  portions  of  the 
coils  are  completely  enclosed  in  heavy  bronze  cylindrical  covers. 

The  exciter  for  this  machine  is  shown  on  an  extension  of  the  main 
shaft,  and  the  slip  rings  for  conveying  the  current  to  the  rotor  are 
shown,  one  on  either  side  of  the  cover  plates  fixed  to  the  ends  of  the 
stator  to  protect  the  windings. 

Fig.  213  gives  a  view  of  this  machine,  and  Figs.  214  and  215 
show  the  leading  dimensions. 

In  Fig.  216  is  shown  the  no  load  saturation  curve  and  short  cir- 
cuit characteristic  for  this  machine;  the  point  shown  on  the  normal 
voltage  line  gives  the  experimentally  observed  excitation  required 
for  full  load  at  unity  power  factor,  and  from  this  we  can  obtain  the 
corresponding  regulation. 

The  same  excitation  on  open  circuit  would  produce  5650  volts, 
hence  the  drop  in  volts  is  equal  to  5650-5200  or  450  volts;  hence  the 
regulation  at  full  load  and  imity  power  factor  is  equal  to 

^  X  100  =  8.65  per  cent. 

Prom  the  short  circuit  curve  which  is  shown  in  the  same  figure, 
we  can  obtain  some  idea  of  the  ratio  of  the  field  ampere  turns  to  the 
armature  ampere  turns. 
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The  armature  demagnetisation  on  short  circuit  is  about  0.71  of 
the  armature  ampere  turns  per  pole  and  hence  the  ratio  of  the  field 
ampere  turns  to  the  armature  ampere  turns  is  0.71  X  2.64  =  1.87. 

The  ratio  is  actually  1.9  as  noted  on  page  281,  which  is  in  agree- 
ment with  the  value  of  the  short  circuit  current. 

Turbo-Alternators  of  Brown  Boveri  &  Co. 

Messrs.  Brown  Boveri  were  among  the  first  to  devote  attention  to 
the  special  problems  of  manufacture  of  generators  for  steam  turbines. 
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Fig.  216.  —  Characteristic  curves  of  1000  kva.  5200  volt  50-cycle  single  pha 

Oerlikon  alternator. 


They  have  standardised  their  designs  for  turbo-alternators,  and  have 
even  gone  so  far  as  to  standardise  a  complete  line  of  continuous 
current  turbo-dynamos  up  to  1250  kw.  rated  output.  The  contin- 
uous current  turbo-dynamo  designs  are  described  in  Chapter  XVIII. 
Up  to  the  end  of  1906  Messrs.  Brown  Boveri  and  Co.  had  supplied 
over  500  turbine  sets  with  an  aggregate  horsepower  of  over  800,000. 
Of  these  the  number  of  turbo-alternators  was  over  300  with  an 
aggregate  horsepower  of  over  625,000. 
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The  standard  turbo-alternators  are  of  the  forced  ventilation  type, 
with  air  entries  at  the  base.  The  rotors  are  of  smooth  cylindrical 
construction  with  field  windings  distributed  in  slots.  In  the  largest 
sizes  the  rotors  are  of  laminated  construction,  but  in  the  majority 
of  cases  the  rotor  is  made  from  a  solid  piece  of  steel. 

We  have  already  in  this  chapter  given  considerable  attention  to 
the  various  details  of  construction  of  Messrs.  Brown  Boveri's  machines. 
On  page  224  will  be  found  matter  and  drawings  relating  to  the  frame 
construction  and  ventilating  scheme.  On  page  245  the  armature  wind- 
ings are  referred  to,  and  on  page  248  the  rotor  construction. 

In  Fig.  217  is  given  an  outline  drawing  of  a  standard  1000  kva. 
1500  R.P.M.  2000-volt  3-phase  turbo-alternator  as  constructed  by 
Messrs.  Brown  Boveri  and  Co. 

Turbo-Alternators  of  the  General  Electric  Co.,  U.S.A.,  and  the  British 
Thomson-Houston  Co. 

Description  of  a  S-Phase,  1500  Kva.  ll^OOO-Volt,  Q-Pole,  50-Ct/cfe, 
1000  Revolutions  per  Minute,  Alternator. 

This  machine  is  one  of  several  installed  in  the  Thomhill  Power 
Station  of  the  Yorkshire  Electric  Power  Company.  They  are  each 
direct-coupled  to  a  Curtis  steam  turbine,  the  complete  sets  being 
built  and  supplied  by  the  British  Thomson-Houston  Company, 
through  whose  courtesy  we  are  enabled  to  publish  this  description  of 
the  design. 

The  generators  are  mounted  on  top  of  the  turbine,  the  rotating 
field  magnets  being  carried  on  the  upper  end  of  the  vertical  shaft 
which  runs  on  a  hydraulic  footstep-bearing  supplied  with  water  at 
400  pounds  per  square  inch.  Fig.  218  shows  the  assembly  of  one 
of  these  machines,  half  in  section  and  half  in  elevation,  and  Fig. 
223  is  a  photograph  of  a  complete  set. 

The  stator  casing  consists  of  an  outer  shell  of  cast  iron,  one  inch 
thick,  provided  with  18  radial  ribs,  against  which  bed  the  armature 
laminations,  these  radial  ribs  being  webbed  together  with  three  cir- 
cumferential ribs  of  the  same  thickness,  as  shown  in  Fig.  219. 

The  laminations  are  secured  by  feather  keys  fitting  into  dove-tail 
slots  in  the  stampings,  and  parallel  slots  milled  in  the  radial  ribs. 
Fig.  219A  shows  the  details  of  the  laminations,  and  indicates  the 
method  of  holding  the  space  blocks  for  the  ventilating  ducts.    Insu- 
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lation  of  the  core  plates  is  obtained  by  japanning  the  stampings, 
and  noise  due  to  the  vibration  of  the  laminations  is  avoided    by 


Fig.  218.—  General  arrangement  of  1500  kva.  1000  R.P.M.  6-pole 
British  Thomson-Houston  alternator. 

using  very  heavy  end  flanges  with  strong  fingers  projecting  between 
each  slot. 

Illustrations  and  details  of  the  armature  winding  have  already 
been  given  on  pages  238  to  240. 
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FiQ.  219. —  Stator  frame  of  British  Thomson-Houston  Co.'s  1500  kva.  tuiix>* 

alternator. 


Fig.  219  .4. —  Armature  laminations  of  British  Thomson-Houston  06. 1i 
1500  kva.  turbo-alternator. 
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The  following  description  of  the  treatment  of  the  coils  is  given  by 
H.  S.  Meyer.* 

The  moisture  is  first  all  extracted  by  a  vacuum  process  and  then 
the  interstices  of  the  coil  are  completely  filled  with  an  asphalt  com- 
pound, which  is  solid  at  the  running  temperatures  of  the  machine. 
This  filling,  in  addition  to  preventing  the  accumulation  of  moisture 
inside  the  coil  through  the  movement  of  the  air  caused  by  the  vari- 
ation in  temperature,  also  serves  to  conduct  the  heat  out  of  the  coil 
at  a  much  faster  rate  than  if  air  were  present,  and  therefore  leads  to 
a  lower  temperature  of  the  winding.  The  coils  thus  fiUed  are  cov- 
ered with  a  number  of  layers  of  tape,  each  treated  in  such  a  manner 
that  a  glaze  of  oxidised  oil  is  formed,  which  is  practically  infusible, 
and  which  acts  as  a  permanent  seal  to  the  fibres  of  the  tape.  The 
finished  coils  are  entirely  moisture  and  oil  proof,  remaining  at  the 
same  time  suflSciently  flexible  to  lend  themselves  readily  to  bending 
and  clamping  so  that  vibrations  or  severe  strains,  such  as  are  caused 
by  wrong  paralleling  or  short  circuits  of  the  system,  have  hardly 
any  effect. 

The  ends  of  the  coils  are  held  against  the  stator  casing  by  special 
clamps,  embracing  the  coils  and  bolted  on  to  the  armature  end 
plates.    These  are  illustrated  in  Fig.  218. 

The  connections  from  coil  to  coil  are  brought  round  at  the  back 
of  these  clamping  blocks,  and  the  terminal  cables  emerge  through 
bushed  holes  at  the  bottom  comer  of  the  casing. 

The  rotor  construction  is  designed  to  meet  the  high  mechanical 
stresses  set  up  in  the  pole  pieces  and  field  windings  when  rotating  at 
high  speeds. 

The  magnet  system  is  of  the  definite  pole  construction,  having  six 
salient  poles,  as  shown  in  Figs.  220  and  222.  The  whole  structure 
is  built  up  of  sheet-iron  stampings,  constituting  a  hexagonal  hub 
having  two  axial  T-grooves  in  each  of  its  faces,  into  which  fit  corre- 
spondingly shaped  projections  on  the  pole  piece  stampings,  the  latter 
being  secured  by  keys  driven  in  from  each  end.  This  arrangement 
forms  a  good  method  of  attaching  and  securing  pole  pieces. 

The  field  winding  consists  of  two  coils  on  each  pole  with  a  ventilat- 
ing space  (1.25  cms  or  J  inch)  wide  between  them,  thus  increasing 
the  cooling  facilities  and  allowing  higher  current  densities  to  be 
employed. 

♦  Electrician,  p.  449,  Jan.  12,  1906. 
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Each  coil  is  composed  of  copper  strip  wound  on  edge.  The  section 
of  the  strip  is  25  mm.  by  0.9  nmi.  (1  inch  by  0.035  inch)  and  there 
is  0.18  nmi.  (0.007  inch)  of  insulation  between  turns. 

For  convenience  in  connecting  up  the  coils,  they  are  wound  alter- 
nately right  hand  and  left  hand,  the  beginning  of  one  coil  and  the 


FiQ.  220.  —  Rotating  field  construction  of  1500  kva.  British  Thomson-Houston 

turbo-alternator. 

end  of  the  next  being  thus  brought  out  near  one  another  at  the  same 
end  of  the  rotor. 

The  coils  are  thoroughly  secured  against  any  tendency  to  shift  or 
fly  out.    This  is  accomplished  in  the  following  manner: 

The  toils  are  clamped  between  two  perforated  bobbin  flanges,  one 
bedding  on  the  hub  and  the  other  on  the  underside  of  the  pole  tip, 
the  overhanging  pole  tip  thus  taking  up  the  axial  component  of  the 
centrifugal  force  of  the  sides  of  the  coil. 
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The  lateral  component  of  the  centrifugal  force  of  the  sides  of  the 
coil  (i.e.,  across  the  pole  at  right  angles  to  its  axis)  is  taken  up  by 
special  supporting  brackets  placed  between  the  poles,  and  secured 
on  to  the  hub  by  bolts  whose  heads  engage  in  grooves  formed  in  the 
stampings  at  the  corners  of  the  hexagonal  hub. 

The  end  portions  of  the  field  coils  are  secured  against  radial  forces 
by  a  wrought-iron  strap  dropped  over  the  coil,  and  secured  at  its 
lower  end  by  projections  fitting  into  the  T-grooves  below  the  pole 
seat.  The  wedges  which  hold  the  pole  pieces  also  serve  for  these 
straps.    In  this  way  the  field  windings  should  be  firmly  secured 
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Fig.  220  a. —  Field  collector,  rings  of  1500  kva.  British  Thomson-Houston 

turbo-altemator. 

against  any  tendency  to  shift  or  budge.  This  is  most  important  at 
these  high  speeds.  The  diameter  at  the  pole  face  is  120  centimetres 
(47i  in.)  giving  a  peripheral  speed  of  63  meters  per  second  (12,500  ft. 
per  minute).  The  slip  rings  for  the  field  winding  are  shown  in 
Fig.  220  A. 

Ventilation.  —  The  ventilation  of  turbo-generators  is  always  a 
difficult  problem,  and  in  the  case  of  vertical  shaft  machines,  in  addi- 
tion to  the  ordinary  provisions,  it  is  necessary  to  avoid  the  upward 
draught  of  hot  air  or  steam  which  would  be  introduced  by  the  close 
proximity  of  the  turbine  immediately  underneath  the  generator. 

In  this  machine  a  downward  draught  of  cool  air  is  induced  by  cups 
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at  the  upper  end  of  the  rotor  ventilating  tunnels.  These  are  clearly 
shown  in  the  illustration  of  the  rotor,  Fig.  222.  In  addition  the 
angle  brackets  between  the  magnet  cores  are  provided  with  vanes 


Fig.  221.—  1500  kva.  1000  r.p.m.  British  Thomson-Houston  Curtis 
turbo-altemator. 


which  project  radially,  after  the  manner  of  a  fan,  and  thus  compel 
the  air  in  the  gap  to  take  a  downward  path. 

These  vanes  are  also  shown  in  Fig.  222  from  which  it  may  be  seen 
that  there  are  four  vanes  between  each  pair  of  polfes. 
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There  are  seven  ventilating  ducts  in  the  stator,  which  provide  a 
ready  path  for  the  air  to  reach  the  series  of  holes  in  the  stator  frame. 

The  following  is  an  abbreviated  list  of  the  more  important  dimen- 
sions of  this  machine,  which  are  here  tabulated  in  both  Metric  and 
British  units,  as  the  latter  are  the  dimensions  appearing  on  the  draw- 
ings in  Figs.  218,  219  and  220.  A  complete  specification  will  be  found 
on  pages  93  to  96  of  Chapter  VI,  where  may  also  be  found  a  study  of 
the  design  and  its  constants. 


Fig.  222. —  Rotating  field  of  1500  kva.  British  Thomson-Houston  turbo-alternator. 

Further  information  concerning  this  machine  will  be  found  as 
follows:  Calculation  of  stresses,  pages  310  to  318;  description  of 
winding,  pages  238  to  240. 

Data  jar  ^Phase,  1500  kva.  Alternator. 

Rated  output  at  unity  power  factor  —  kw 1500 

Number  of  phases 3 

Periodicity  in  cycles  per  second 50 

Speed  in  revolutions  per  minute 1000 

Number  of  poles 6 

Terminal  voltage 11,000 

Current  per  terminal  at  full  load 79.5 

Connection  of  armature Y 

Voltage  per  phase 6350 
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Data  for  Armature  Iron. 

External  diameter  of  laminations 190.5  cms.  75  in. 

Internal  diameter  of  laminations  at  air  gap  (D)     .    .         122  "  48  " 

Gross  length  of  core  between  flanges  ;i^ 58.2  "  23" 

Nimiber  of  ventilating  ducts 7  7 

Width  of  each  duct 1.27  cms.  0.5  cms. 

Effective  length  of  core  (iron)  An 44.5  "  17.5" 

Number  of  slots 54  54 

Depth  of  slot 8  cms.  3.15  in. 

Width  of  slot 3.68  "  1,45  " 

Ktch  of  slots  at  armature  face 7.1   "  2.79" 


Data  for  Rotating  Field. 

Number  of  poles 6      '  6 

Diameter  at  pole  face 120  cms.  47.125  in 

Radial  depth  of  air  gap,  maximum 2.22    "  0.875" 

Radial  depth  of  air  gap,  minimum 1.11    "  0.4375" 

Radial  depth  of  air  gap,  mean 1.45  "  0.582" 

Pole  pitch  at  air  gap 62.8  "  25.1  " 

Circumferential  length  of  pole  arc 38  "  16.6" 

Ratio  of  pole  arc  to  pole  pitch 0.66  0.66 

Length  of  pole  piece  parallel  to  shaft 55 . 2  cms.  21 .  75  in. 

Breadth  across  pole  body 25.4   "  10" 

Breadth  across  pole  tips 36.6  "  16  " 

Distance  between  pole  tips 18.3  "  8  " 

Radial  length  of  pole  piece  from  pole  face  to  seat    .       21 .7   "  9.5  " 

Data  for  Armature  Winding. 

Number  of  conductors  per  slot 18 

Number  of  turns  in  series  per  phase 162 

Nature  of  conductor Pressed  cable 

Depth  of  conductor 0.436  cm.  0.172  in. 

Width  of  conductor 0.872    "  0.344" 


Data  for  Field  Winding. 

Total  number  of  field  coils 12 

Number  of  field  coils  per  pole 2 

Turns  in  series  per  coil 150 

Turns  in  series  per  pole 300 

Width  of  strip 2.54  cms.  1.0  in. 

Thickness  of  strip 0.09  "  0.035" 
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Weights. 

Metric  Tods. 

Magnet  cores 1.7 

Magnet  yoke 1.2 

Armature  laminations 5.1 

Effective  iron,  total 8.0 

Armature  copper 0.45 

Field  copper 0.75 

Effective  copper,  total 1.2 

Total  weight  of  effective  material 9.2 

Stator  complete  with  end  shield 11.4 

Rotor  complete  with  shaft  and  half  coupling 5_ 

Total  weight  of  alternator 16.4 

Data  from  Test  Report. 

The  no-load  saturation  curve  taken  with  increasing  and  decreas- 
ing excitation  is  shown  in  Fig.  223,  the  excitation  for  normal  voltage 
at  no  load  being  11,000  ampere  turns  per  pole,  corresponding  to  37 
amperes  in  the  field  circuit.  The  exciting  power  for  1375  kilowatts 
non-inductive  load  at  11,000  terminal  volts  was  4.5  kilowatts,  the 
exciter  voltage  being  220. 

The  machine  was  run  on  quarter-load  for  IJ  hours,  half-load  for  2 
hours,  and  fuU  load  for  3  hours,  successively.  After  this  run  the  final 
temperatures  observed  at  various  parts  of  the  machine  were  as 
follows: 

*  Degrees 

Cent. 

Rotor  spools 35 

Pole  tips 35 

Stator  winding  (back) % 39 

Stator  winding  (front) 36 

Core  ducts 45 

Teeth 44 

The  temperature  of  the  atmosphere  was  21  degrees  C,  and  the 
temperature  rises  were  therefore: 

Degrees 
Cent. 

Rotor  spools 14 

Pole  tips 14 

Stator  winding  (back) 18 

Stator  winding  (front) 15 

Core  ducts 24 

Teeth 23 
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The  relatively  low  rises  observed  after  the  run  are  a  consequence 
of  the  liberal  provision  for  ventilation.  The  temperatiu"e  rise  in  any 
part  of  the  generator  after  running  on  full  load  at  100  per  cent  power 
factor  was  guaranteed  not  to  exceed  40  degrees  C. 

The  calculated  excitation  required  for  full  load  and  unity  power 
factor  is  11,600  ampere  turns.    From  the  saturation  curve,  Fig.  223, 
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Fig.  223.—  Saturation  curve  of  1500  kw.  S-phase  11000  volt  50  cycle 
1000  r.p.m.  British  Thomson-Houston  turbo-alternator. 


we  find  this  excitation  corresponds  to  a  voltage  of  11,650  at  no  load. 
Hence  inherent  regulation  = 


650  volts  = 


650 


X  100  =  6  per  cent. 


11,000 

At  a  power  factor  of  0.8,  the  excitation  for  full  load  becomes  15,000 
ampere  turns.  From  the  saturation  curvT,  Fig.  223,  we  see  that  this 
excitation  at  no  load  would  give  a  voltage  of  13,000.    Hence 


Inherent  Regulation  = 


2000 
11,000 


X  100  =  18  per  cent. 
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Description  of  a  500-Kw.  3-Phase  4-Pole  1500  R.P.M.  50-Cyclb 
550- Volt  Turbo-Alternator  by  Messrs.  Scott  &  Mountain. 

This  machine,  which  is 
of  the  horizontal  type,  is 
intended  for  direct  coup- 
ling to  a  Parsons  steam 
turbine.  Fig.  224  is  a 
general  arrangement  of 
the  machine  and  shows 
some  of  the  principal 
details  of  the  construction. 
The  armature  laminations 
are  housed  in  a  cast  iron 
frame  of  the  enclosed  type 
and  arranged  for  forced 
draught  ventilation.  One 
of  the  end  flanges  of 
the  armature  core  is  cast 
in  one  piece  with  the 
frame,  the  other  end 
flange  being  a  plain  cast 
iron  ring  keyed  to  the 
frame.  There  are  nine 
ventilating  ducts  in  the 
armature  core,  each  1.25 
cms.  (J  inch)  wide. 

Fig.  225  shows  the  ar- 
mature winding  diagram 
and  the  connection  of 
the  machine,  and  also  the 
details  of  the  slot. 

The  winding  may  be 
described  as  a  spiral  wave 
winding.  The  revolving 
field  is  of  the  laminated 
smooth  core  slotted  type, 
the  field  winding  being 
distributed  in  six  slots 
per  pole. 
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The  core  is  built  up  from  laminations  of  No.  28  gauge  thickness, 
mounted  direct  on  the  shaft.  Nine  ventilating  ducts  are  provided, 
immediately  opposite  to  those  in  the  armature  core.  The  details  of 
the  stampings  and  of  the  spacing  pieces  for  the  ventilating  ducts  are 
shown  in  Fig.  226. 

Efficient  ventilation  is  obtained  from  the  four  triangular  tunnels  in 
the  stampings  through  which  the  air  is  impelled  by  the  vanes  situ- 
ated on  the  rotor  end  flanges.    The  air,  thus  drawn  through  the  core, 


PiQ.  226.  —  Rotor  lamination  of  500  kva.  Scott  and  Mountain  turbo-altemator. 

finds  egress  through  the  ventilating  ducts  of  the  rotor  and  the  stator, 
and  finally  passes  out  through  the  large  hole  in  the  top  of  the  main 
stator  casing.  The  latter  has  no  openings  except  one  at  the  base 
and  one  at  the  top,  the  air  entering  at  the  bottom  and  leaving  at 
the  top. 

The  mid  polar  parts  of  the  stampings  are  left  unslotted,  chiefly 
to  avoid  the  heavy  stress  which  would  be  incurred  by  punching  slots 
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all  round  the  periphery  of  the  rotor.  The  stress  on  the  embedded 
portion  of  the  field  winding  is  resisted  by  substantial  wedges  driven 
into  the  dovetails  at  the  mouth  of  the  slot.  The  end  connections 
are  completely  enclosed  by  the  cylindrical  end  covers  which  are 
bolted  on  the  end  flanges  of  the  rotor  core.  Facing  pieces  are  pro- 
vided both  on  the  end  flanges  and  on  the  end  covers  to  provide  a 
path  for  the  air  to  circulate  round  the  end  windings. 

The  following  gives  the  specification  and  technical  data  for  this 
machine: 


SPECIFICATION   FOR 

500-Kw.     3-Pha8e     4-Pole     1500  R.P.M. 

50-Cycle     550-Volt 

ALTERNATING  CURRENT  GENERATOR. 

Dimensions  in  Centimetres. 

Output  in  kilowatts 600 

Output  in  kva.  (power  factor  0.85) 590 

Terminal  voltage 550 

Style  of  connection A 

Current  per  terminal 615 

Speed  R.P.M 1500 

Frequency 50 

Number  of  poles 4 

Armature  Iron 

Diameter  at  air  gap D  68.6 

Diameter  at  bottom  of  slots 76.9 

External  diameter  of  laminations 114.4 

Gross  length  between  coreheads Jig  68.6 

Number  of  ventilating  ducts 9 

Width  of  each  duct 1.27 

Effective  core  length  (iron) in  51.3 

Width  of  the  end  ducts 1.27 

Slots  and  Teeth 

Total  number  of  slots 36 

Slot  pitch  at  armature  face 6.02 

Width  of  slot :  2.54 

Width  of  tooth  at  armature  face 3.46 

Radial  depth  of  slot 4.13 
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SPECIFICATION  FOR  ALTERNATING  CURRENT 
GENERATOR.  —  Continued. 

Abmature  Copper 

Number  of  slots  per  pole  per  phase 3 

Number  of  conductors  per  slot 2 

Section  of  conductor 4  XO.543 

Current  in  amperes 615 

Current  density  —  amperes  per  square  centimetre 293 

Dimensions  of  conductor  bare 3.05X0.178 

Thickness  of  slot  insulation 0.254 

Number  of  turns  in  series  per  phase 12 

Rotor  Iron 

Diameter  at  pole  face 65.4 

Length  of  air  gap  (minimum) 1 .  59 

Pole  pitch  at  air  gap 51.35 

Circumferential  length  of  pole  arc 34.1 

Ratio  pole  arc/pole  pitch 0.64 

Gross  axial  length  (parallel  to  shaft) 68.6 

Effective  axial  length  of  pole  (iron) 51.3 

Total  number  of  slots 24 

Slots  per  pole 6  * 

Depth  of  slot 10.16 

Width  of  slot 2.54 

Field  Copper 

Number  of  conductors  per  slot 39 

Number  of  turns  per  pole 117 

Section  of  conductor ~ 0.436 

Current  in  amperes 120 

Current  density 280 

Dimensions  of  conductor 0.686X0.636 

Total  area  of  copper  in  slot 17 

Total  area  of  slot 25.8 

Space  factor 0.66 

Mean  length  of  turn 230 

Resistance  of  all  coils  at  60®  C 0.494 

Volts  across  field  at  120  amperes 60 

Exciter  voltage '  100 

Magnetic  Data 

Armature  flux  per  pole  (550  volts) 12.3 

Leakage  coefficient 1.25 

Flux  in  the  pole  core 15.4 
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SPECIFICATION  FOR  ALTERNATING  CURRENT 
GENERATOR.— Continued 

Magnetic  Densities  (lines  per  square  centimetre) 

Armature 5,240 

Teeth 13,000 

Pole  core  —  laminations 18,100 

Yoke 19,650 

At  pole  face 7,120 

Losses 

Armature  Copper 

Mean  length  of  turn 347 

Resistance  per  phase  at  60°  C 0.00383 

Total /'/^  loss  at  cos  #- 0.85 4.35 

Armature  Iron 

Weight  of  armature  iron  (excluding  teeth) — tons 2.0 

Frequency     54 

Flux  density  —  kilolines  per  square  centimetre 5.24 

Kilowatts  per  ton 3.0 

Total  core  loss  —  kilowatts 7.3 

Teeth 

Weight  of  teeth  —  tons 0.226 

Flux  density  —  kilolines  per  square  centimetre 13 

Kilowatts  per  ton 18.6 

Total  tooth  loss  —  kilowatts 4.2 

Total  iron  loss  —  kilowatts 11.5 

Watts  per  sq.  in.  of  armature  surface  tc  Dx  (A^ +0.7t)  cos  <t>  =0.85  70 

Field  Copper 

Power  for  excitation  at  full  load  cos  ^  -=  0.85 7.2 

Watts  per  sq.  in.  of  external  surface  of  field  spool  cos  4>  =  0.85  40 

Efficiency.     At  full  load  and  power  factor  =  0.85 

Armature  copper  loss 4.35 

Armature  iron  loss 11.5 

Field  copper  loss 7.2 

Total  calculable  losses 23.05 

Efficiency  —  per  cent  (excluding  friction,  etc.) 95.5 

Constants  and  Coefficients 

Weight  of  effective  material  —  kilograms 5540 

Weight  of  effective  material  —  kilograms  per  kilowatt      ....  9.4 

Cost  of  effective  material  (dollars) 1020 

Cost  of  effective  material  per  kilowatt  (dollars)      1 .  74 

D^Xg  (decimetres) 323 
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SPECIFICATION  FOR  ALTERNATING  CURRENT 
GENERATOR  —  ConHnued. 
Losses — Constants  and  Coefficients — continued 

Output  coeflficient  (0 1.21. 

Ratio  ^ 1.34 

r 

Ratio  ^ 1 

Ampere  conductors  per  centimetre  of  periphery  (a) 206 

Flux  per  square  centimetre  of  armature  surface  {fi) 3336 

Peripheral  speed  —  metres  per  second 53.8 

Watts  per  cubic  centimetre  of  active  belt 9.1 

Ratio  of  field  ampere  turns  to  armature  ampere  turns 2.7 

Kva.  per  pole 147 

Weight  of  Material, 

Metric  Tons. 

Field  laminations    .    .• 2.25 

Armature  laminations 2.63 

Total  effective  iron 4.88 

Armatiu^  copper 0.24 

Field  copper 0.42 

TotaJ  copper 0.66 

Total  effective  material 5.5 

Cost  of  Material. 

Dollars. 

Field  laminations 280 

Armature  laminations 330 

Total  effective  iron 610 

Armature  copper 150 

Field  copper 260 

Total  copper 410 

Total  effective  material 1020 

Heyland  Compounded  Turbo-Alternator. 

Fig.  227  illustrates  a  design  by  Heyland  for  a  two-pole  turbo- 
alternator.  This  design  is  a  modification  of  that  proposed  by  Hey- 
land for  slow  speed  revolving  field  alternators,*  in  which  a  com- 
pounding ejffect  wad  obtained  by  arranging  the  exciter  field  in  shunt 
with  the  field  of  the  alternator.  For  a  high  speed  turbo-alternator, 
however,  a  revolving  armature  gives  a  more  satisfactory  design,  and 

*  Electrician,  Vol.  LVIII,  p.  42. 
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the  design  shown  in  the 
figure  is  a  modification 
to  suit  a  revolving 
armature  construction. 

By  the  application 
of  the  principle  of  the 
magnetic  shunt,  the 
machine  is  made  self- 
regulating  and  a  large 
saving  in  material  is 
ejffected,  as  the  heating 
and  mechanical  prop- 
erties are  the  only 
factors  to  be  considered 
when  proportioning  the 
machine.  The  prm- 
ciple  of  the  machine 
is  best  explained  by 
means  of  the  diagram 
in  Fig.  227  A. 

In  this  figure  A^,  S, 
are  the  two  main  field 
poles  of  the  alternator, 
and  n,  s,  are  the  two 
field  poles  of  the  exciter 
arranged  as  a  shunt  to 
the  main  field  circuit. 
The  two  north  poles 
and  the  two  south 
poles  respectively,  are 
surrounded  by  common 
exciting  coils.  At  no 
load  the  fluxes  in  the 
two  field  circuits  will  be 
inversely  proportional 
totheresf)ective  reluct- 
ances (the  demagnetis- 
ing effect  of  the  exciter 
armature  ampere  turns 
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will  be  negligible),  and  these  reluctances  must  be  so  proportioned 
that  correct  excitation  is  obtained.  As  the  alternator  is  loaded, 
the  armature  ampere  turns  tend  to  decrease  the  flux  in  the  main 
field  circuit,  but  to  increase  the  flux  in  the  exciter  circuit  to  a 
degree  dependent  on  the  value  of  the  armature  demagnetising 
ampere  turns. 

Thus  the  machine  is  compounded  for  both  load  and  power  factor. 
By  suitable  adjustment  of  the  relative  reluctances  of  the  two  field 


r"^^^^  iM  1 
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Fig.  227 a. —  Diagrammatic  sketch  of  Heyland's  self-compounding  alternator. 

circuits  and,  if  necessary,  by  the  addition  of  auxiliary  field  winding 
on  the  main  poles  in  series  or  shunt  with  the  main  field  winding 
any  desired  amount  of  compounding  can  be  obtained,  and  if  neces- 
sary the  machine  can  be  overcompounded. 

With  the  above  arrangement  the  regulation  of  exciter  field  (and 
exciter  voltage)  is  absolutely  in  step  with  the  fluctuations  in  the 
load.  The  design  illustrated  is  for  a  500-kw.  3000  R.P.M.  50-cycle 
machine. 

The  following  data  for  a  rotating  armature  compounding  machine 
and  for  a  rotating  field  design  for  the  same  output,  etc.,  are  taken 
from  Heyland's  article.* 


*  Electrician,  Vol.  LVIII,  p. ! 
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TABLE   41. 

COMPARISON  OF  HEYLAND  SELF-COMPOUNDING  ALTERNATOR 
WITH  ORDINARY  ROTATING  FIELD  ALTERNATOR. 


Heyland  Rotating 
Armature  Design. 

Field  Design. 

Output  in  kilowatts 

Speed  in  revolutions  per  minute     .... 

Frequency 

Voltage  drop  non-inductive  load    .... 
Voltage  drop  purely  inductive  load  .   .    . 
Armature  diameter D 

500 
3,000 
50 
-^0 
-^0 

60  cm. 

50  cm. 

0.5  cm. 

90  cm. 

1.5  cm. 

1,400  kg. 
600  kg. 
300  kg. 
150  kg. 

500 

3,000 

50 

a 

54  cm. 

Gross  core  length Xg 

Air  gap 

External  diameter  of  frame 

Air  sao  of  exciter 

70  cm. 
2.0  cm. 
100  cm. 

Weight  of  active  material  in  the  alterna- 
tor and  exciter  (approx.) 

(1)  Steel  magnet  frame 

(2)  Armature  stampings 

(3^  Field  coDoer 

600  kg. 

2,100  kg. 

600  kg. 

150  kg. 

(A^  Armature  Conner 

Total 

2,350  kg. 

3,450  kg. 

Losses  in  alternator  and  exciter 

(1)  Iron  losses      

5,000  watts 
2,000  watts 
3,000  watts 

15,000  watts 

(2)  Copper  losses  in  field  winding  at 

non-inductive  full  load 

(3)  Copper  losses  in  armature  at  non- 

mductive  full  load 

6,000  watts 
3,000  watts 

Total 

• 

10,000  watts 

24,000  watts 

CHAPTER  XII. 
STRESSES  IN  ROTATING  FIELD  SYSTEMS. 

In  this  chapter  we  shall  deal  briefly  with  the  principal  stresses 
occurring  in  rotating  field  systems  in  so  far  as  these  stresses  are 
associated  with  the  electromagnetic  design. 

The  necessary  calculations  are  made  for  detennining  whether  the 
proportions  of  the  electrical  and  magnetic  parts  are  consistent  with 
the  required  mechanical  conditions,  and  whether  the  stresses  due  to 
the  windings  are  within  safe  limits.  As  noted  in  Chapter  VII,  while 
these  calculations  need  not  go  so  far  as  to  determine  in  detail  the 
dimensions  of  the  mechanical  accessories  on  the  rotor,  they  must 
nevertheless  be  carried  far  enough  to  show  the  general  order  of  the 
principal  stresses  and  the  value  of  the  safety  factors.  The  matter 
may  best  be  dealt  with  by  considering  one  or  two  examples,  and  out- 
lining the  necessary  calculations. 

As  a  first  example  let  us  take  the  650-kw.  4-pole  alternator  designed 
in  Chapter  VII,  and  let  us  carry  out  the  stress  calculations  for  an 
alternative  construction  of  rotor  to  that  given  in  Chapter  VII.  In 
the  present  chapter  we  have  taken  a  laminated  pole  structure  with 
the  poles  dovetailed  into  a  solid  steel  hub,  while  in  Chapter  VII  the 
rotor  structure  is  shown  as  consisting  of  four  slabs  of  solid  steel  each 
comprising  four  magnet  cores  and  the  hub  in  one  piece. 

For  the  average  values  of  working  stress  in  the  various  materials, 
and  for  the  ultimate  stresses  and  safety  factors,  reference  may  be  made 
to  Table  11  on  pages  63  and  64  of  Chapter  IV  dealing  with  materials. 

Stresses  on  the  Pole  Cores.  —  The  magnet  core  is  subjected  to  a 
radial  stress  due  to  its  own  centrifugal  force,  and  to  that  of  the 
field  windings.  It  is  also  due  to  the  magnetic  pull  of  the  armature. 
The  magnetic  pull  on  the  pole  is 

F,  =  0.00004  B'A, 

where        F^  =  magnetic  pull  in  tons, 

B  «  pole  face  density  in  kilolines  per  square  centimetre,   . 
A  =  area  of  pole  face  in  square  centimetres. 
305 
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For  the  design  in  question  we  have 

B  =  6.1  kilolines  per  square  centimetre, 
A  =  2220  square  centimetres, 

whence  F^  =  3.3  tons. 
The  centrifugal  force  of  the  magnet  core  is 


where 


F3  =  0.0000112  MR}P, 

Fj  =  centrifugal  force  of  the  magnet  core  in  tons, 
M  =  mass  of  magnet  core  in  tons, 
R   =  mean  radius  in  centimetres, 
N  =  speed  in  R.P.M. 

The  weight  of  one  magnet  core  and  its  field  coil  is  0.215  ton,  and 
its  mean  radius  is  32  centimetres.  iV,  the  speed  in  revolutions  per 
minute,  is  equal  to  1500. 

.-.  F,  =  174  tons.* 

The  total  radial  pull  on  the  pole  is  therefore  F^  +  F,  =  177  tons. 
This  force  has  to  be  resisted  in  tension  at  the  root  of  the  magnet  core 
at  the  section  marked  ab  (Fig.  228).  The  length  of  06  =  7.5  centi- 
metres, and  the  net  (iron)  length  of  the  magnet  core,  parallel  to  shaft, 
=  42  centimetres. 

The  cross  section  of  iron  at  ab  is  therefore 

7.5  X  42  =  315  square  centimetres. 
Hence  the  stress  at  the  root  of  the  magnet  core  is 

177 

r-r-  =  0.56  ton  per  square  centimetre. 

olO 

This  is  an  average  working  value  for  wrought  iron  in  tension,  and 
corresponds  to  a  factor  of  safety  of  7  when  referred  to  the  ultimate 
strength.     (See  Table  11,  pages  63  and  64.) 

There  is  also  a  shearing  stress  on  the  dovetail  pieces.  This  is 
resisted  by  two  sections,  as  indicated  by  the  lines  ac  and  hd  (Fig.  228). 
The  length  of  the  dovetail  at  ac  =  3.5  centimetres,  and  the  axial 

*  It  would  be  more  strictly  correct  to  add  to  the  centrifugal  force  of  the  iron 
of  the  magnet  core,  the  axial  components,  mp  (Fig.  228),  of  the  centrifugal  force 
of  the  field  coil,  plus  the  centrifugal  force  of  the  coil  ends,  but  taking  the  whole  cen- 
trifugal force  of  the  copper  insures  erring  on  the  safe  side. 
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length  of  the  magnet  core  =  42  centimetres.  Hence  the  aggregate 
area  of  the  two  sections  ac  and  6d  =  42  X  3.5  X  2  =  294  square 
centimetres.  The  shearing  stress  across  the  comers  of  the  dovetail 
is  thus: 

177 

-—  =  0.6  ton  per  square  centimetre. 

In  cases  where  this  stress  is  found  to  be  excessive,  it  can  be  reduced 
by  splitting  the  single  dovetail  into  two,  each  of  which  can  be  of 
smaller  depth.    The  humber  of  sections  in  shear  (as  ac)  is  thus 
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Fig.  228.-—  Rotating  field  for  4-pole  50-kva.  alternator. 

increased  to  four.  The  total  cross  section  resisting  the  force  may 
by  such  means  be  increased  to  any  desired  amount.  In  cases  similar 
to  those  shown  in  Figs.  204  a,  /  and  I,  where  the  poles  are  secured  by 
a  bar  or  bars  extending  the  whole  length  of  the  machine,  the  shear 
stress  on  the  bars  must  be  calculated,  using  the  total  area  presented 
by  all  the  sections  of  the  bar  in  shear,  and  the  bars  must  be  of  suf- 
ficient size  to  resist  the  stress.  The  shear  stress  across  projections 
on  the  pole  or  hub,  similar  to  ac  (Fig.  228),  should  also  be  calculated, 
and  also  the  tensile  stress  at  the  root  of  the  magnet  core  at  its  nar- 
rowest part,  which  in  the  case  considered  is  at  ab  (see  previous  page). 
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Stress  in  the  Hub.  —  There  is  a  tension  stress  in  the  hub  due  to 
the  centrifugal  force  of  the  magnet  cores  and  of  the  hub  itself.  This 
stress  is  similar  to  the  tension  stress  in  the  rim  of  a  rotating  flywheel. 
It  tends  to  pull  the  hub  in  two,  and  its  magnitude  should  be  cal- 
culated for  the  minimum  cross  section  of  the  hub,  which,  in  this 
case,  occurs  at  the  lines  ef  and  gh  (Fig.  228).  The  tension  due  to  the 
weight  of  the  hub  itself  is  calculated  as  follows: 

The  weight  of  half  the  hub  is  0.19  ton,  and  its  mean  radius  is  13 
centimetres. 

Its  total  centrifugal  force  is 

0.0000112  X  (1500)*  X  13  X  0.19  =  62  tons. 
The  resultant  force  normal  to  sections  ef,  gh  is 

-  X  62  =  39  tons. 

TT 

The  stress  on  the  sections  ef  and  gh,  due  to  the  centrifugal  force 
of  the  magnet  cores,  is  obtained  from  the  components  of  this  force 
normal  to  the  sections  ef  and  gh. 

In  the  case  of  a  4-pole  structiu^,  the  resultant  force  of  two  poles 
on  the  sections  ef  and  gh  is  equal  to  the  V2  times  the  centrifugal 
force  of  one  pole.  In  this  case  the  centrifugal  force  per  pole  plus 
the  magnetic  pull  is  found  to  be  equal  to  177  tons.    (See  p.  306.) 

The  resultant  of  the  forces  due  to  the  two  poles  is 

V^  X  177  =  250  tons. 
The  total  force  on  sections  ef,  gh  is  thus: 

250  +  39  =  289  tons. 
The  sectional  area  at  ef,  gh  is 
2  X  7.5  X  42  =  63  square  centimetres  (ef  ^  gh  =  7.5  centimetres). 

Hence  the  stress  is 

289 

-7:7  =  0.46  ton  per  square  centimetre. 

00 

This  figure  will  be  slightly  exceeded,  since  the  forces  due  to  the 
field  coil  supporting  brackets  have  not  been  taken  into  account. 

Stresses  on  the  Windings.  —  The  field  coils  are  best  dealt  with  by 
considering  each  side  of  a  coil  separately.    Thus,  we  may  first  con- 
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aider  the  sides  of  the  coil  between  adjacent  poles,  and  the  end  parts  of 
the  coils  marked  A  and  B  in  Fig.  228.  The  centrifugal  force  of  the 
mass  of  copper  A  acts  in  a  radial  direction,  mn.  This  has  two  com- 
ponents, (1)  wp,  the  axial  component,  parallel  to  the  axis  of  thp  pole, 
and  (2)  rnq,  the  lateral  component,  normal  to  the  pole  axis.  The  axial 
component,  mp,  causes  a  shearing  force  and  bending  moment  at  the 
section  st  on  the  pole  tip,  which  section  must  be  suflSiciently  large  to 
resist  the  stress.  The  lateral  component,  Twg,  tends  to  make  the 
coil  bulge  and  come  away  from  the  pole.  It  is  resisted  by  angle 
brackets  fixed  to  the  hub  as  shown.  Several  methods  of  fixing 
these  brackets  have  already  been  shown  in  Figs.  197  to  202.  The 
lateral  forces  on  the  parts  A  and  A^  would,  if  unresisted,  set  up  a 
tension  m  the  ends  of  the  coils  at  J?,  tending  to  pull  the  coil  in 
halves.  The  components  wq  and  vq  of  adjacent  coils  A  and  A^ 
give  rise  to  a  bending  moment  on  the  bracket,  which  is  met  by  cross 
ribs  of  suflSicient  strength.  These  components  combined,  give  a 
radial  resultant,  qzy  and  this  is  the  total  tension  on  the  retaining 
bolts  or  pins  with  which  the  brackets  are  fixed.  This  stress  deter- 
mines the  number  and  size  of  these  bolts. 

It  will  be  seen  that  the  lateral  component  is  smaller  the  narrower 
the  pole  body  and  the  greater  the  number  of  poles.  Thus  with 
8-pole  and  6-pole  machines  the  stresses  in  the  angle  brackets  are  less 
than  in  4-pole  machines.  As  these  brackets  constitute  an  extra 
amount  of  rotating  inactive  material  exerting  additional  stresses  on 
the  rotor,  an  arrangement  similar  to  that  shown  in  Fig.  77  has  some 
advantages.  Here  the  lateral  stress  is  taken  up  by  bars  passing 
between  the  top  and  bottom  section  of  the  field  coil,  through  ducts 
between  the  adjacent  slabs  of  steel  of  which  the  poles  are  built. 
These  bars  are  secured  by  keys  and  plates  on  the  outside  of  the  field 
coil.  The  end  portions  of  the  field  coil,  B  (Fig.  228),  only  exert  a 
radial  centrifugal  force,  which  may  be  taken  up  by  an  extension  of 
the  pole  shoe,  or  by  a  piece  bolted  to  an  end  plate,  or  by  means  of 
a  metal  strap  embracing  the  coil  and  retained  on  the  hub  at  its 
lower  ends.  The  latter  construction  has  been  employed  by  the 
General  Electric  Company  of  U.S.A.  and  by  the  British  Thomson- 
Houston  Company  (Figs.  197  and  198).  The  strap  must  be  of  suffi- 
cient section  to  withstand  the  centrifugal  force  of  the  end  portions 
of  the  coil  B.  In  the  case  we  have  been  considering,  the  weight  of 
field  copper  on  one  pole  is  0.1  ton.    Adding  0.01  ton  for  weight  of 
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bobbins,  etc.,  this  becomes  0.11  ton.  The  weight  of  the  side  of  the 
coil  between  the  poles,  (A),  is  about  0.045  ton,  and  that  of  the  end 
portion  (B)  0.01  ton.  For  A,  0.045  ton  rotating  at  1500  R.P.M. 
at  a  mean  radius  of  28  centimetres,  the  centrifugal  force  is  32  tons. 
The  angle  which  the  direction  of  this  force  makes  with  the  pole  axis 
is  25  degrees.    Hence  the  axial  component 

mp  =  32  cos  25°  =  32  X  0.9  =  29  tons, 

and  the  lateral  component 

m?  =  32  sin  25°  =  14  tons. 

The  area  of  section  of  the  pole  tip  at  5^  is 

5.7  X  42  «  240  square  centimetres, 

and  hence  the  shearing  stress  is 

29 
r-T  =  0.12  ton  per  square  centimetre. 

The  tension  on  the  bracket  bolts,  52  =  14  X  v^  =  20  tons. 

This  total  tension  has  to  be  resisted  by  the  bolts  at  the  comers  of 
the  hub,  which  must  be  of  sufficient  total  cross  section  to  withstand 
it  without  exceeding  normal  stresses. 

Allowing  a  working  stress  of  1.4  tons  per  square  centimetre,  the 
total  section  of  all  the  bolts  for  one  bracket  is  14  square  centimetres. 

The  number  of  bolts  and  the  cross  section  of  each  should  be  taken 
so  that  the  total  section  amounts  to  14  square  centimetres. 

As  a  further  example  let  us  take  the  1500-kva.  6-pole  generator 
fully  described  and  illustrated  on  pages  284  to  294.  The  stress  calcu- 
lations for  this  machine  will  be  similar  to  those  for  the  previous 
4-pole  machine,  but  the  arrangements  employed  for  retaining  the 
field  windings  are  different. 

It  is  interesting  to  compare  the  relative  proportions  of  the  various 
stresses  in  the  4-pole  and  6-pole  cases. 

1.  Considering  first  the  magnetic  pull  (FJ  on  each  pole,  we  have 
the  pole  face  density  (B)  =  8  kilolines  per  square  centimetre.  The 
length  of  the  pole  arc  =  42  centimetres,  and  the  breadth  of  the  pole 
(measured  parallel  to  the  shaft)  =  55  centimetres.    This  gives  us  the 
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area  at  the  pole  tips  as  42  X  55  =  2300  square  centimetres,  and 
applying  the  formula, 

F,  -  0.00004  5»A, 

we  have  the  magnetic  pull  on  each  pole 

F^  =  0.00004  X  8'  X  2300  =  5.9  tons. 

2.  Centrifugal  force  on  pole  body  {F^. 

Winding  «  300   turns   of   copp)er   strip   2.5  X  0.09   centimetres. 
Mean  length  per  turn  =  180  centimetres. 
.*.  Weight  of  copper  ^ 

8.9  X  10^  X  2.5  X  0.09  X  180  X  300  =  0.108  ton. 

If  we  allow  0.012  ton  for  flanges  and  insulation,  the  spool  weight 
is  increased  to  0.12  ton. 

The  weight  of  iron  core  =  0.26  ton. 

.-.  Total  weight  of  pole  (M)  =  0.38  ton. 

Mean  radius  (R)  may. be  taken  as  48  centimetres,  and  the  speed  of 
the  machine  is  1000  R.P.M. 

We  have  F,  =  0.0000112  MRN^ 

=  0.0000112  X  0.38  X  48  X  (1000)'  =  204    tons. 

3.  Total  radial  pull  =  F^  +  F, 

=  5.9  +  204 
=  210  tons. 

4.  This  pull  is  resisted  by  the  laminations  at  the  root  of  the  pole 
(see  Fig.  229),  where  the  effective  section  ab  is  equal  to 

2.4  X  55  X  2  =  265  square  centimetres. 
.•.  Working  stress  at  normal  speed  is  equal  to 

— -  =  0.8  ton  per  square  centimetre. 
265 

5.  To  obtain  the  shear  stress  set  up  in  the  root  of  the  pole,  we  have 
again  a  strain  of  210  tons;  and  the  sections  ac  and  bd  across  which  this 
strain  acts,  is  also  equal  to 

1.2  X  55  X  2  X  2  =  265  square  centimetres. 

.•.  Shear  stress  =  0.8  ton  per  square  centimetre. 

6.  Stress  on  the  hub. 
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The  weight  of  the  laminations  forming  the  hub  of  the  machine, 
amounts  to  l.I  tons.  Taking  half  this  weight,  we  have  0.55  ton,  and 
the  mean  radius  may  be  taken  as  17.5  centimetres. 


Fig.  229.—  Rotating  field  for  6-pole  1000-kva.  altemator- 


Therefore  the  centrifugal  force  due  to  the  weight  of  the  hub  would 
amount  to 

0.0000112  X  0.55  X  17.5  X  (1000)'  =  108  tons 

if  concentrated  at  one  point.    But  as  it  is  distributed  over  a  semi- 

2 
circle  we  must  multiply  this  amount  by  - .   We  thus  obtain  the  value 

of  69  tons. 
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The  force  along  each  pole  has  already  been  estimated  to  be  210  tons. 

.-.  Total  force  on  hub  =  69  +  210  +  2  (210  cos  60°) 
=  69  +  210  +  210 
=  489  tons 

and  the  least  section  of  the  hub  (taken  across  the  sections  ef,  gh),  resist- 
ing rupture  is  equal  to 

2  (6.4  +  7.5)  X  55  =  2  X  13.9  X  55  =  1530  square  centimetres. 

489 
.'.  Stress  =  ——z:  =  0.33  ton  per  square  centimetre. 
1530 

7.  Let  us  now  calculate  in  some  detail,  the  forces  acting  on  the 
coils.  The  total  weight  of  the  coil  and  bobbin  on  each  pole  is  0.108 
ton.  Let  us  consider  this  as  made  up  of  two  parts,  one  part  consist- 
ing of  strips  parallel  to  the  shaft,  and  the  other  part  consisting  of  the 
ends  connecting  these  strips.  The  iron  core  measures  55  centimetres 
along  the  shaft,  and  25  centimetres  along  the  periphery,  so  let  us 
assume  that  two  thirds  of  the  centrifugal  force  due  to  the  weight  of 
the  coils  is  resisted  by  the  pole  tips,  and  that  the  remaining  one  third, 
or  0.036  ton,  belonging  to  the  ends,  will  be  provided  for  by  a  phos- 
phor bronze  strap. 

The  centrifugal  force  due  to  these  ends  amounts  to 

0.0000112  X  0.036  X  48  X  (1000)'  -  20  tons. 

There  are  two  straps  each  of  section  8.3  centimetres  X  1.25  centimetres 
to  resist  this  force,  so  that  the  total  section  of  the  two  straps  is 

8.3  X  1.25  X  4  =  41.5  square  centimetres, 

as  each  strap  offers  two  sections,  8.3  X  1.25  cms,  to  the  stress. 
The  stress  is 

20 

-— T  =  0.48  ton  per  square  centimetre. 
41.5 

We  must  next  consider  the  strips  under  the  pole  tips.  The  centri- 
fugal force  amounts  to  2  X  20  =  40  tons.  This  force  of  40  tons  rep- 
resents the  total  centrifugal  force  on  the  portions  of  the  winding 
marked  A. 

As  these  portions  are  S3mimetrically  placed,  the  force  on  the 
portion  A  must  be  equal  to  20  tons,  and  may  be  represented  by  a 
radial  vector  mn. 
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This  force  may  be  resolved  into  two  components  parallel  to,  and  at 
right  angles  to  the  axis  of  the  pole,  as  indicated  by  the  vectors  wp  and 
mq.  Thus  the  pole  tips  have  to  resist  a  component  of  (20  cos  20°) 
tons,  and  the  V  brackets  the  remaining  (20  sin  2(f)  tons. 

Hence  the  force  along  the  axis  is  equal  to  20  X  0.94  =  19  tons. 
The  thickness  of  the  pole  tips  is  4.5  centimetres,  and  as  one  third  of 
the  length  is  taken  up  with  ventilating  spaces,  the  effective  axial 
length  at  the  pole  tips  is: 

2 

-  X  55  X  .95  =  35  centimetres. 

o 

Therefore  the  effective  section  =  4.5  X  35  =  157   square  centi- 

19 
metres.    The  shear  stress  =  — ;r  =  0.12  ton  per  square  centimetre. 

But  we  must  also  consider  the  bending  moment  caused  by  this  force 
on  the  pole  tips.  We  have  a  force  of  19  tons  imiformly  distributed 
over  7.5  centimetres  of  the  pole  tip. 

Hence  the  bending  moment  = 

19  X  7.5       --        ^-     ^     ^ 
—    =  71  centimetre  tons. 

But  we  also  have  the  centrifugal  force  acting  on  the  pole  tips. 

2 

The  breadth  is  55  X  0.95  X  —  ==  35  centimetres,  and  the  section 

«5 

=  20  square  centimetres. 

Therefore  the  weight  is  equal  to 

7.8  X  lO-'  X  35  X  20  =  0.0054  ton. 

As  the  mean  radius  ==  57  centimetres,  the  centrifugal  force  =» 

0.0000112  X  0.0054  X  57  X  (1000)'  -  3.45  tons. 

The  inclination  of  this  force  to  the  axis  of  the  pole  is  15  degrees, 
consequently  the  force  acting  along  the  axis  is 

3.45  cos  15°  -  3.4  tons. 

This  force  may  be  assumed  (though  it  is  not  strictly  true)  to  be  uni- 
formly distributed  over  the  pole  tip. 
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Hence  the  bending  moment  = 

— — - — —  =  12.8  centimetre  tons. 

Total  bending  moment  = 

71  H-  12.8  =  84  centimetre  tons. 

Now  the  moment  of  inertia  of  the  section  = 

35  X  (4.45)^      ^^^ 
12  '■^^' 

and  the  stress  induced  by  the  bending  moment  of  84  centimetre  tons  = 

84  X  4  45 

-;r— — '—  =  0.72  ton  per  square  centimetre. 

^OU  X  ^ 

The  remaining  component  of  the  centrifugal  force,  i.e.,  that  due  to 
the  pole  tips,  is  equal  to 

3.45  sin  15°  =  0.9  ton. 

This  force  causes  a  tension  in  the  pole  tips.  Their  section  is  35  X 
4.45  =  156  square  centimetres,  and  consequently  the  stress  is  equal  to 

09 

-z^  ==  0.058  ton  per  square  centimetre. 

loo 

We  showed  on  page  314  that  the  component  of  the  centrifugal  force 
on  the  coil  straps  amounted  to  (20  sin  20°)  tons  =  6.9  tons. 

But  there  is  similarly  a  force  of  6.9  tons  due  to  the  adjacent  part 
of  the  winding  of  the  next  pole.  This  force  is  represented  by  the 
vector  wq. 

Hence  considering  any  one  angle  bracket,  we  have  the  two  forces 

m^,  vnq  acting  uix)n  it  at  an  angle  of  120  degrees,  and  these  two  forces 

69 
are  equivalent  to  a  single  force  92  of  2  X  -r-  =  6.9  tons  acting  radially. 

This  is  resisted  by  a  section  equal  to 

45  X  1.25  =  56  square  centimetres. 

Thus  the  resulting  tensile  stress  is  equal  to 

69 

-—  «  0.123  ton  per  square  centimetre. 

00 
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If,  however,  no  angle  brackets  are  provided,  this  stress  would  be 
resisted  by  a  tensile  stress  on  the  copper  winding:  Thus  we  should 
have  300  turns  of  a  section  of  2.5  X  0.09  centimetres  of  copper,  resist- 
ing a  force  of  6.9  tons. 

The  total  section  of  copper  is  equal  to 

2.5  X  0.09  X  300  X  2  =  133  square  centunetres, 
and  the  stress  = 

69 

-^    =  0.05  ton  per  square  centimetre. 

loo 

The  field  windings,  however,  should  be  retained  by  brackets  and 
straps,  or  their  equivalent,  in  such  a  manner  that  the  windings  them- 
selves are  not  subjected  to  any  stress. 

The  above  examples  are  typical  of  the  calculations  required  for 
rotating  fields  with  definite  poles. 

As  we  have  previously  mentioned,  however,  the  present  tendency 
in  turbo-alternators  is  to  use  a  distributed  winding  situated  in  the 
slots  of  a  cylindrical  laminated  core. 

As  an  inmiediate  consequence  of  this  arrangement  the  stress  which 
is  set  up  by  the  centrifugal  force  on  the  windings  is  considerably 
reduced,  owing  to  the  fact  that  it  is  no  longer  concentrated  at  cer- 
tain points  on  the  periphery,  but  is  more  or  less  uniformly  distri- 
buted round  the  periphery  in  the  slots.  Furthermore,  the  very  fact 
that  the  structure  is  in  the  form  of  a  laminated  core,  permits  the  use 
of  a  somewhat  higher  safety  factor,  in  view  of  the  greater  reliance 
which  can  be  placed  on  the  homogeneity  of  the  material  which 
necessarily  follows  from  the  method  of  manufacture. 

We  shall  now  briefly  consider  the  principal  stresses  occurring  in  the 
500-kva.  turbo-alternator  described  and  illustrated  on  pages  295  to 
301  Chapter  XI. 

The  actual  calculations  will  be  very  similar  to  those  given  in  Chap- 
ter XVIII  for  the  stresses  in  the  rotating  armature  of  a  continuous 
cuirent  generator.  In  both  cases  the  windings  are  distributed  in 
slots,  and  the  slot  portions  are  retained  by  wedges  and  the  end 
portions  by  cylindrical  covers.  As  the  calculations  are  set  forth  at 
some  length  in  that  chapter,  we  shall  in  the  present  instance  obtain 
the  results  rather  more  briefly.  Following  the  method  of  procedure 
there  indicated,  we  have 
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The  Tension  in  the  Stampings. 

The  weight  of  the  copper  winding     «  0.42  ton 

and  weight  of  the  stampings  »  2.25  tons 

So  that  the  total  weight  —  2.67,  say  2.7  tons. 

The  mean  radius  is  21  centimetres,  and  the  speed  is  iV  »  1500 
revolutions  per  minute.  The  fundamental  formula  for  the  tension 
in  cylinders  due  to  centrifugal  force  is 

IT  ' 

80  that  the  total  pull  is  equal  to 

0.0000036  X  2.7  X  21  X  (1500)'  -  460  tons. 

The  minimum  section  resisting  fracture  occurs  at  a  line  drawn 
through  the  ventilating  tunnels  in  Fig.  226. 

The  net  length  of  the  core  is  =  51.3,  so  the  minimum  section  is  equal 
to 

51.3  X  2  X  (2  +  7.5)  =  51.3  X  2  X  9.5  =  975  square  centimetres, 

and  the  average  stress  across  this  section 

=  -qzr  =  0.47  ton  per  square  centimetre. 

Slots  and  Teeth.  —  The  winding  of  the  rotor  is  distributed  in 
twenty-four  slots,  and  the  weight  of  copper  embedded  in  each  slot  is 
equal  to  0.009  ton. 

The  mean  radius  is  equal  to  27  centimetres,  so  that  the  centrifugal 
force  is  equal  to  0.0000112  X  0.009  X  27  X  (1500)'  =  6.1  tons. 
This  force  is  counteracted  by  the  shear  stress  in  the  wedge;  the  depth 
of  the  wedge  is  0.64  centimetre,  and  the  length  is  68.6  centimetres. 
Hence  the  total  section  resisting  shearing  is  equal  to 

2  X  0.64  X  68.6  =  88  square  centimetres, 

and  the  resulting  stress  is 

—-  =  0.069  ton  per  square  centimetre. 

oo 

This  would  be  much  too  high  a  stress  for  any  kind  of  wood,  so  that 
a  bronze  of  some  kind  would  probably  be  used.    In  order  to  obtain 
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the  tension  at  the  root  of  the  tooth,  we  must  add  to  the  centrifugal 
force  of  the  copper,  that  due  to  the  weight  of  the  teeth  themselves. 
The  weight  of  one  row  of  teeth  is  approximately  0.0072  ton. 
Therefore  the  centrifugal  force 

=  0.0000112  X  0.0072  X  27  X  (1500)'  =  4.9  tons, 

and  the  total  pull  on  the  roots  of  one  row  of  teeth   is  equal  to 

6.1  +  4.9  =  11  tons. 

The  width  of  the  tooth  at  this  point  is  1  centimetre,  and  the  net  length 
of  the  core  is  to  51.3  centimetres. 

Hence  the  total  section  is  equal  to  51.3  square  centimetres,  and  the 
average  stress  amounts  to 

-—7  ==  0.214  ton  per  square  centimetre. 
51.0 

End  Windings.  —  For  simplicity  we  shall  consider  the  end  portions 
of  the  windings  as  being  completely  distributed  round  the  periphery 
of  the  rotor.  The  weight  of  copper  that  is  restrained  by  one  of  the 
end-bells  is  0.1  ton  so  that  the  tension  due  to  the  centrifugal  force 
acting  on  this  copper  is  equal  to 

0.0000036  X  0.1  X  27  X  (1500)'  =  22  tons. 

This  tension  is  taken  by  the  end-beU  which  has  a  cross  section  of 
21  square  centimetres.  But  the  weight  of  the  end-bell  is  equal  to 
0.034  ton,  and  the  tension  due  to  this  centrifugal  force  on  this  mass 
amounts  to 

0.0000036  X  0.034  X  33  X  (1500)'  =  9  tons. 

The  total  force  tending  to  fracture  the  end-bell  is 

22  4-    9  =  31  tons, 

and  the  total  section  resisting  fracture  is 

2  X  21  =  42  square  centimetres. 

Hence  the  average  stress  in  the  end-bell  amounts  to 

31 

'—  =  0.74  ton  per  square  centimetre. 
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CHAPTER  XIII. 

GENERAL  CONSIDERATIONS  RELATING  TO  THE  INFLUENCE  OF 

THE  RATED   OUTPUT,    VOLTAGE,  AND    SPEED,  ON    THE 

DESIGN  OF  CONTINUOUS  CURRENT  GENERATORS. 

We  have  already  in  Chapter  I  made  some  general  observations  on 
the  suitability  of  the  speeds  of  various  types  of  prime  movers  for 
direct  connection  to  continuous  current  generators.  In  the  present 
and  in  the  following  chapters  the  general  influence  of  the  rated  speed 
on  the  design  will  be  dealt  with  in  further  detail. 

In  Table  42  is  contained  a  list  of  prime  movers  and  their  approxi- 
mate angular  speeds,  taken  from  the  curves  given  in  Fig.  1,  for  rated 
capacitiei5  of  250,  500,  and  1000  kw.  This  practically  covers  the 
average  range  of  outputs  of  continuous  current  generators. 

TABLE    42. 

Approximate  Rated  Speed  in  R.P.M,  op  a  Number  op  Types  op  Prime 
Movers  por  Rated  Capacities  op  250,  500,  and  1000  Kw. 


Prime  Moyer. 

250  Kw. 

500  Kw. 

1000  Kw. 

Moderate  speed  steam  engine  .... 

High  speed  gas  engine 

Hieh  speed  steam  engine 

DeLaval  steam  turbine  (speed  of  sec- 
ondary shaft  geared  down  in  ratio 
of  10:1) 

Curtis  type  of  steam  turbine   .... 

Parsons  type  of  steam  turbine    .    .    . 

160 
250 
350 

1000 
2500 
3000 

120 
200 
270 

1800 
2500 

80 
120 
220 

1200 
1900 

In  addition  to  the  above  types  there  must  also  be  considered  hy- 
draulic turbines,  the  speed  of  which  is  controlled  by  the  head  of  water 
available. 

Even  though  the  precise  speed  most  favourable  for  the  required 
continuous  current  generator  may  not  be  the  same  as  that  for  the 
engine,  it  will  generally  be  found  that  a  wide  considerable  departure 
from  this  speed  will  not,  in  the  case  of  the  generator,  be  accompanied 
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by  any  prohibitive  sacrifices  in  first  cost  or  in  quality  of  performance. 
This  is  seen  from  the  curve  of  Fig.  230,  which,  for  a  500-kw.  250-volt 
continuous  current  generator,  shows  the  relation  between  the  rated 
speed  and  the  Total  Works  Cost  of  the  generator.  The  curve  shows 
that  for  this  rated  output  and  voltage  the  Total  Works  Cost  is  a  mini- 
mum for  about  1000  revolutions  per  minute.  This  is  partly  owing  to 
the  greater  outlay  for  labour  and  for  the  additional  structural  material 
required  for  higher  speed,  and  partly  owing  to  the  proportionately 
more  lavish  expenditure  for  "effective"  material  necessary  to  obtain 
at  the  higher  sp)eeds  good  performances  from  the  conunutating  and 
thermal  standpoint. 
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Fig.  230.  —  Total  Works  Cost  of  500  kw.  250  volt  continuous 
current  generator  for  various  rated  speeds. 


The  cost  of  a  continuous  current  generator  of  given  quality  is  in- 
capable of  reduction  by  the  employment  of  a  higher  speed  for  the 
design,  to  an  extent  at  all  commensurate  with  the  increased  speed. 
Within  the  ranges  of  speeds  and  capacities  preferred  by  the  makers 
of  the  so-called  *' high-speed"  or  "quick-revolution"  engines,  the 
dynamo  builder  is  readily  able  to  meet  the  requirements  imposed  by 
the  speed  preferred  by  the  engine  builder;  and  he  will  even  then 
generally  be  working  below  the  most  economical  speed  associated 
with  careful  design.  But  for  the  large  outputs  for  which  the  steam 
turbine  is  being  so  successfully  developed,  the  speed  required  for  the 
steam  turbine  greatly  exceeds  the  most  economical  dynamo  speed. 
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This  has  sometimes  led  to  a  sub-division  of  the  continuous  current 
dynamo,  when  required  for  such  purposes,  into  two  component  ma- 
chines, each  for  half  the  required  output,  for,  as  may  be  seen  by 
Fig.  231,  the  smaller  the  rated  capacity,  the  higher  is  the  speed 
corresponding  to  the  most  economical  design.  This,  however,  is 
rather  a  crude  arrangement,  and  by  departing  from  the  traditional 
methods  of  dynamo  design,  better  solutions  often  become  practicable. 
Where  customary  methods  of  design  are  adhered  to,  the  speeds  corre- 
spondmg  to  minimum  Total  Works  Cost  for  various  rated  outputs  at 
250  volts,  may  be  taken  as  approximating  to  those  plotted  in  the  curve 
of  Fig.  231. 


250  500  750  1000 

Rated  Output'Jn  Kilowatts 


Fig.  231. —  Curve  of  relation  of  minimum  T.W.C.  to  speed  for 
250  volt  continuous  current  generators. 


Up  to  this  point  we  have  been  considering  only  the  angular  speeds  of 
machines.  This  is  generally  most  conveniently  expressed  in  revolu- 
tions per  minute;  but  at  any  given  instant,  any  point  on  the  periphery 
of  the  armature,  or  rotor,  has  a  definite  linear  speed,  which  may  be 
expressed  in  metres  per  second.  This  is  generally  termed  the  peri- 
pheral speed  of  the  armature  or  rotor.  To  avoid  any  misunderstanding 
we  shall  assume  throughout  this  chapter  that  by  the  word  "speed" 
when  not  otherwise  qualified,  we  mean  "angular  speed"  in  revolu- 
tions per  minute,  and  that  when  linear  speed  at  the  periphery  is  intended 
we  shall  always  use  the  expression  "peripheral  speed,"  the  unit  being 
one  metre  per  second. 
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In  criticism  of  the  contention  that  but  small  gain  results  from  high 
speeds  in  continuous  current  dynamos,  it  will  perhaps  be  pointed  out 
that  the  list  prices  of  dynamo  builders  show  considerably  greater  de- 
crease in  prices  with  increasing  rated  speeds  than  would  be  expected  in 
the  light  of  the  above  remarks.  This  is  attributable  to  a  fimdamental 
and  widely  spread  error  in  the  principles  of  dynamo  design.  Design- 
ers often  employ,  with  more  or  less  clear  intention,  not  very  greatly 
different  peripheral  speeds  for  djoiamos  of  different  angular  speeds. 
This  is  incorrect.  Machines  which  run  at  higher  speeds  should,  from 
commutating  considerations,  be  designed  narrow  and  with  a  high 
peripheral  speed,  whereas  low  speed  machines  should  be  designed  rel- 
atively wider  and  with  proportionately  lower  peripheral  speed.  Thus 
for  a  given  output  and  voltage,  a  dynamo  may  conveniently,  for  quite 
a  wide  range  of  rated  speeds,  have  the  same  diameter,  the  width  of 
laminations  between  end  flanges  being  inversely  proportional  to  the 
rated  speed.  By  carefully  determining  for  a  given  case,  the  most  eco- 
nomical araiature  diameter  and  length  for  a  given  output,  voltage,  and 
speed,  excellent  designs  for  the  same  output  and  voltage  may  be 
derived  for  lower  and  higher  speeds  by  changing  the  core  length  in 
inverse  proportion  to  the  speed.  Thus  the  peripheral  speed  remains 
directly  proportional  to  the  angular  speed.  By  applying  these  prin- 
ciples with  care,  not  only  may  economical  designs  be  obtained,  but  it 
will  be  found  that  whatever  gain  is  made  over  existing  good  designs 
for  high  speed,  is  greatly  exceeded  by  the  gains  made  in  the  corre- 
sponding low  speed  designs.  But  the  decrease  in  cost  in  going  from 
the  lowest  to  the  highest  speeds  in  the  group  thus  designed,  is  much 
less  than  in  machines  for  a  corresponding  range  of  speeds  designed  on 
the  basis  of  constant  peripheral  speed  for  the  group.  This  is  illustrated 
by  the  curves  of  Fig.  232.  The  upper  curve  represents  a  gi'oup  of 
machines  for  a  given  output  and  voltage,  but  for  different  angular 
speeds,  all  of  which  have  the  same  peripheral  speed.  The  lower  curve 
is  for  corresponding  machines  designed  on  the  basis  of  much  the  same 
diameter  for  all  rated  speeds,  consequently  of  peripheral  speeds  decreas- 
ing approximately  with  the  rated  speed.  If,  as  shown  by  the  curve, 
the  costs  for  both  designs  coincide  at  some  high  rated  speed,  then  the 
designs  at  lower  rated  speeds  will  have  a  lower  cost  when  designed 
on  the  principle  of  retaining  much  the  same  diameter  and  lengthening 
out  the  core  in  inverse  proportion  to  the  rated  speed.  But  unless 
the  correct  diameter  and  length  for  a  given  rated  speed,  output,  and 
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voltage  are  first  carefully  determined,  then  merely  changing  the  length 
for  other  rated  speeds  —  although  in  itself  a  correct  principle  —  will 
nevertheless  not  result  in  an  economical  group  of  machines.* 

These  different  methods  of  designing  are  illustrated  in  Fig.  233  by 
the  diagrammatic  outlines  for  500-kw.  250-volt  continuous  current 
generators  for  rated  speeds  ranging  from  100  to  500  R.P.M.  The 
upper  line  of  diagrams  contains  the  outline  plans  for  machines  de- 
signed with  absolutely  constant  armature  diameter.  The  ideal  design 
in  this  set,  as  regards  diameter  and  gross  core  length,  is  the  300  R.P.M. 
design.  The  other  designs  have  the  same  diameter,  and  differ  from 
the  ideal  design  only  as  regards  the  gross  core  length,  which  is  altered 
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in  inverse  proportion  to  the  rated  speed.  This  method  of  retaining 
the  same  diameter  gives  excellent  results  in  the  case  of  200,  300,  and 
400  R.P.M.  designs,  but  the  100  and  500  R.P.M.  designs  are  so  extreme 
that  a  moderate  deviation  from  the  rigorous  principle  leads  to  pre- 
ferable designs. 

A  set  of  designs  in  which  moderate  deviations  are  made  in  these 
extreme  cases,  is  indicated  in  the  second  line  in  Fig.  233.  The 
100  R.P.M.  design  has  been  increased  in  diameter  and  shortened  in 
length,  and  the  reverse  procedure  has  been  adopted  for  the  500 

*  In  some  cases  where  this  principle  of  design  has  been  correctly  followed,  the 
results  have  been  comparatively  uneconomical  owing  to  starting  from  the  basis  of 
a  machine  of  uneconomically  small  diameter  and  great  length  for  its  rated  speed. 
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R.P.M.  design.  The  200,  300,  and  400  R.P.M.  designs  retain  the 
same  dimensions  as  the  first  set.  When  the  limit  is  reached  beyond 
which  it  is  not  desirable  to  retain  the  same  diameter,  the  change 
should,  from  standardising  considerations,  be  abruptly  made  to  the 
next  larger  or  smaller  standardised  air  gap  diameter. 

This  second  set  of  designs  may  be  stated  to  be  of  "fairly  constant  " 
diameter.  In  the  lower  line  of  Fig.  233  the  outlines  of  the  designs 
for  constant  peripheral  speed  are  given  as  illustrative  of  the  incorrect 
principle.  The  low  speed  designs  are  of  excessive  diameter,  and  the 
high  speed  designs  are  of  excessive  length. 

When  one  employs  those  principles  of  design  leading  to  the  greatest 
economy,  the  continuous  current  dynamo  is,  up  to  fairly  large  rated 
capacities,  capable  of  being  designed  to  give  fairly  satisfactory  results 
as  regards  performance  at  high  speeds.  There  is,  however,  for  any 
given  rated  output  and  voltage,  a  limiting  economical  speed  beyond 
which  the  cost  again  increases;  and  even  below  this  economical  speed, 
relatively  little  decrease  in  cost  is  attained  by  increased  speed.  There- 
fore the  continuous  current  dynamo,  in  its  present  stage  of  develop- 
ment, contrary  to  the  general  belief,  is  inherently  not  a  high  speed,  but 
a  low  speed  machine.  The  difficulties  encountered  at  high  angu- 
lar speeds,  relate  partly  to  thermal  considerations,  but  chiefly  to 
commutation;  hence  alternating  current  dynamos  are  much  better 
adapted  than  continuous  current  dynamos  to  the  speeds  of  large 
steam  turbines;  and  at  such  speeds,  the  designs  for  alternating  current 
dynamos  work  out  to  be  very  low  in  cost,  though  even  there  a  definite 
speed  can  be  found  for  any  given  rated  output,  which  is  the  most 
economical  for  given  conditions,  and  beyond  which  the  cost  will 
increase  with  further  increase  in  speed. 

The  principle  of  designing  continuous  current  generators  for  a  given 
rated  capacity  and  voltage,  but  for  varying  rated  speeds,  with  a 
fairly  constant  diameter,  reaches  a  limit  at  low  rated  speed,  where 
thermal  considerations  require  that  the  diameter  should  be  increased 
and  the  length  decreased.  It  also  reaches  a  limit  at  high  rated  speeds 
where  mechanical  considerations  require  a  reduction  in  the  diameter 
notwithstanding  the  electromagnetic  and  thermal  disadvantages 
thereby  entailed.  These  limitations  will  be  considered  in  detail  in 
later  sections. 

Until  very  recently  there  existed,  even  amongst  the  largest  and 
most   experienced   electrical    manufacturing   companies,    the   most 
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Fig.  233.  —  Sketches  showing  outlines  of  500  kw.  250  volt  machines  for  various 
rated  speeds  and  designed  on  three  different  principles. 
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complete  failure  to  appreciate  the  difficulties  of  designing  continuous 
current  dynamos  for  steam  turbine  speeds.  Some  seven  years  ago  one 
of  the  very  largest  manufacturers  of  dynamo  electric  machinery  light- 
heartedly  took  in  hand  the  standardisation  of  continuous  current 
steam  turbine-driven  sets  of  sizes  running  up  to  2000  kw.  rated 
capacity.  Nevertheless,  at  the  present  time  (some  seven  years  have 
elapsed),  there  are  still  but  very  few  instances  of  continuous  current 
steam  turbine-driven  sets  of  much  over  500  kw.  rated  capacity, 
except  where  two  dynamos  are  connected  to  a  single  steam  turbine. 
1000  kw.  sets  are  now  occasionally  in  evidence,  and  2000  kw.  sets 
are  also,  in  one  or  two  instances,  being  installed.  A  main  reason 
for  the  failure  to  develop  large  sizes  of  continuous  cun'ent  turbo- 
generators relates  to  the  fact  that  the  rational  method  of  design 
based  on  the  employment  of  widely  varying  peripheral  speed  as  above 
outlined,  for  continuous  current  dynamos  of  only  moderately  high 
speeds,  fails  when  applied  to  dynamos  for  large  rated  output  and  the 
far  higher  speeds  common  to  steam  turbines.  The  method  fails 
when  the  peripheral  speed  limitations  of  commutators  are  reached. 
Carbon  brushes  give  excellent  satisfaction  when  employed  on  copper 
commutators  running  at  peripheral  speeds  below  16  metres  per  sec- 
ond. From  this  point  up  to  26  metres  per  second,  the  result  may  or 
may  not  be  satisfactoiy  according  to  the  accompanying  diameter, 
the  excellence  of  the  mechanical  design  of  the  commutator  and  of 
the  electrical  design  of  the  whole  machine.  In  a  general  way,  of  two 
commutators  of  the  same  peripheral  speed, ,  the  design  and  construc- 
tion of  that  one  having  the  greatest  diameter  and  the  lowest  angular 
speed,  will  the  most  readily  lead  to  good  results.  This  is  obvious, 
since  we  have: 

Centrifugal  force  =  0.00000559  DR^ 
where 

D  ==  diameter  in  centimetres 
and 

R  =  angular  speed  in  revolutions  per  minute. 

The  centrifugal  force  given  by  the  above  formula  is  that  at  the 
periphery,  and  it  is  expressed  in  kilograms  per  kilogram  of  rotating 
material. 
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If  by  S  we  denote  the  peripheral  speed  in  metres  per  second,  then 

'S  -  ^  X  ^  -  0.000525  DR. 
100       OO 

CJonsequently,   R  =« 


0.000525Z) 


A  n    ^'c      w  0.00000559D/SP      on  o  5» 

and  Centrifugal  force  «  Q^^^^f^^^^j^  -  20.3  ^  . 

Hence,  for  a  given  peripheral  speed,  a  commutator  will  be  less 
liable  to  high  bars  or  to  mechanical  distortion  of  any  sort,  the  greater 
the  diameter.    Substituting  for  JD,  from  the  formula 

0.000525/2' 
we  have 

Centrifugal  force  =  0.0106  SR, 

and  we  can  extend  the  preceding  statement  to  read  as  follows: 

"A  commutator  for  a  given  peripheral  speed  will  be  less  liable  to 
high  bars  or  to  mechanical  distortion  of  any  sort,  the  greater  the 
value  of  D,  the  diameter  in  centimetres,  or  the  less  the  value  of  R, 
the  speed  in  revolutions  per  minute." 

It  is  necessary  to  emphasise  this  very  elementary  point,  because 
it  is  too  often  considered  that  the  peripheral  speed,  taken  alone, 
affords  a  criterion  to  the  mechanical  practicability  of  a  given  design 
of  commutator.  It  also  explains  why  a  higher  peripheral  speed  may 
successfully  be  employed  the  lower  the  angular  speed  R  of  the  design. 
At  and  beyond  26  metres  per  second,  carbon  brushes  on  copper  com- 
mutators of  less  than 'very  large  diameters  are  generally  very  trouble- 
some, but  considerably  higher  peripheral  speeds  are  nevertheless 
often  employed  in  the  larger  turbine  driven  dynamos,  for  with  a 
decreased  diameter  it  would  be  impracticable  to  obtain  the  extent  of 
radiating  surface  necessary  for  avoiding  undue  temperature  rise 
except  by  so  greatly  increasing  the. length  of  the  commutator  as  to 
entail  mechanical  difficulties  as  regards  rigid  construction,  and  cumu- 
lative thermal  difficulties  in  consequence  of  the  lack  of  space  for  in- 
ternal air  passages  through  the  commutator  for  ventilating  purposes. 
Instead  of  carbon  brushes,  some  firms  employ  copper  for  the 
brushes  of  their  turbine  dynamos,  and  commutator  peripheral  speeds 
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of  some  40  metres  per  second  have  sometimes  been  employed  in 
such  cases.  These  questions  are  treated  in  considerable  detail  in 
Chapter  XIX. 

In  the  following  chapter  the  commutation  limitations  encoxm- 
tered  with  high  speed  dynamos  are  defined.  For  the  high  reactance 
voltages  encountered  in  this  claas  of  work,  the  ordinary  construction 
without  interpoles  or  compensating  winding  is  utterly  insuflficient, 
and  one  of  two  additional  means  is  customarily  employed. 

The  first  of  these  means  consists  in  providing  a  set  of  small  poles 
between  the  main  poles  as  indicated  in  Fig.  294.  These  small  poles 
are  termed  "interpoles/'  and  then:  function  is  to  provide  a  magnetic 
flux  suitable,  as  regards  quantity  and  location,  to  approximately  neu- 
tralise the  reactance  voltage  which  would  otherwise  set  up  objec- 
tionable currents  in  the  coils  undergoing  commutation,  with  the 
results  that  there  would  be  sparldng  at  the  commutator.  The  dedgn 
of  interpoles  is  dealt  with  in  another  chapter.  At  this  point  it  is 
desirable  to  state  that  the  provision  of  interpoles,  while  necessary 
for  high  speed  continuous  current  djoiamos  in  the  interests  of  obtauoe- 
ing  good  commutation,  is,  from  all  other  standpoints,  distinctly  dis- 
^  advantageous.  The  leakage  factor  is  larger  in  interpole  designs,  and 
to  prevent  it  from  being  imduly  large,  a  greater  air  gap  diameter  or 
a  smaller  number  of  main  poles  must  be  employed  than  would  other- 
wise be  most  suitable.  The  direct  cost  of  the  material  and  labour 
associated  with  the  interpoles  and  their  windings,  together  with  the 
greater  cost  inherent  to  a  larger  diameter  or  fewer  poles,  results  in 
a  materially  more  expensive  machine.  The  additional  PR  loss  in 
the  interpole  windings  entails  additional  heating  and  lower  efficiency. 
The  crowding  of  interpoles  in  between  the  main  poles  is  in  itself  a 
cause  of  increased  heating  of  the  main  coils,  as  it  interferes  with  the 
circulation  of  the  air  currents.  When,  in  addition  to  this  circum- 
stance, the  additional  loss  in  the  interpole  windings  is  taken  into 
account,  the  disadvantages  of  interpole  designs  from  the  thermal 
standpoint  are  found  to  be  very  considerable. 

It  is  often  the  case  that  in  order  to  find  room  for  the  interpoles 
and  to  avoid  an  excessive  magnetic  leakage  factor,  the  main  magnet 
cores  which  might  otherwise  have  been  designed  of  circular  cross 
section,  or  nearly  so,  have  to  be  designed  with  a  section  more  or  less 
elongated  in  the  direction  of  the  shaft.  This  entwls  a  greater  weight 
of  copper  for  the  mwn  field  spools,  greater  loss  therein,  and  impedes 
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the  circulation  of  the  air  required  for  restricting  the  temperature  rise 
consequent  upon  this  and  other  losses. 

The  weight  of  copper  on  a  spool  for  a  given  number  of  ampere 
turns  and  heating  (watts  per  square  decimetre  of  surface)  is  propor- 
tional to  the  mean  length  of  a  turn. 

The  following  is  a  simple  rational  relation  for  field  spools: 

W  =CDx  AT  xlX  p, 
where  W  =«  watts  lost  in  the  coil. 

CD  =  current  density  in  amperes  per  square  centimetre. 
AT  =^  ampere  turns. 

I  =«  mean  length  of  turn  in  centimetres. 

p  =«  specific  resistance  of  copper  (=  0.000002  ohm  per  centi- 
metre cube  at  60  degrees   C). 

For  a  given  number  of  ampere  turns  and  current  density  (i.e.,  cross 
section  of  winding  space),  the  watts  lost  are  proportional  to  the 
mean  length  of  turn.  If  the  length  of  the  spool  does  not  change,  the 
external  surface  is  practically  propoiiional  to  the  mean  length  of 
turn,  and  since,  as  above  stated,  the  watts  lost  are  proportional  to  the 
mean  length  of  turn,  the  watts  per  square  decimetre  of  surface  are 
practically  constant  and  independent  of  the  shape  of  the  section  of  the 
pole.  The  weight  of  copper  is,  however,  proportional  to  the  mean 
length  of  turn  which  is  approximately  proportional  to  the  length  of  the 
internal  periphery  of  the  spool,  at  least  when  the  depth  of  winding  is 
moderately  small  as  compared  with  the  internal  diameter  of  the 
spool.  The  perimeter  depends  on  the  shape  of  the  section  of  the  mag- 
net pole,  and  varies  with  the  proportions  of  the  section  for  a  given 
area,  A^y  in  the  manner  indicated  in  the  table  in  Fig.  234. 

The  weight  of  copper  for  a  given  number  of  ampere  turns  and  a 
given  magnetic  cross  section  of  the  pole  is  a  minimum  when  the  pole 
is  of  circular  section,  and  if  of  rectangular  section,  the  weight  is  smaller 
the  nearer  the  shape  of  the  section  approximates  to  a  square.  The 
practicable  shape  of  the  pole  section  is  dependent  on  the  ratio  of  the 
armature  gross  core  length  ^  to  the  pole  pitch  r  and,  for  a  pole  core 
of  circular  section,  this  ratio  has  a  value  of  from  0.35  to  0.65. 
These  values  follow  from  the  average  relation  between  the  breadth 
of  the  pole  arc,  a,  which  averages  0.7  of  t  and  the  breadth  of  pole 
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core  b,  which  is  from  0.5  to  0.9  of  the  pole  arc,  from  consideration  of 
the  proportioning  of  the  dimensions  of  the  magnetic  circuit  for  ap- 
propriate flux  densities. 


Hence 


-  =  (0.5  X  0.7)  to  (0.7  X  0.9). 


or,  say,  0.35  to  0.65. 

If  the  pole  is  of  square  or  circular  section,  6  =  ^*  (as  these  are  the 
dimensions  of  the  pole  section),  and  hence 

i  =  0.35  to  0.65. 
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Fio.  234. —  Ma^et  pole  sections  and  perimetera. 

That  is  to  say,  the  amature  gross  core  length  varies  from  0.35  to  0.65 
of  the  pole  pitch.  With  interpole  designs,  in  order  to  obtain  room 
for  the  interpoles,  and  to  keep  down  the  magnetic  leakage,  the  pole 
arc  is  preferably  less  than   0.7  of  the  pole  pitch,  and  hence  the 

value  of  -^  will  be  less  than  0.5,  which  leads,  as  noted  above,  to  large 

T 

pole  pitches  and  armature  diameters. 

*  This  is  on  the  assumption  that  the  pole  diameter  or  breadth  of  the  pole  core 
parallel  to  the  shaft  is  equal  to  the  armature  gross  core  length.  In  many  cases  in 
practice  the  pole  diameter  is  rather  less  than  Xg  (some  80  to  90  per  cent)  and,  in  a 
few  cases,  slightly  greater.  For  the  purposes  of  the  present  general  analysis  we 
may  take  the  pole  core  diamater  equal  to  the  armature  gross  core  length,  or  b  —  Xg, 


RATED  OUTPUT,  VOLTAGE  AND  SPEED. 


881 


By  way  of  illustration^  the  curve  in  Fig.  235  shows  the  increasing 
outlay  for  copper  when  elongated  rectangular  coils  are  employed 
for  a  given  case,  instead  of  circular  coils.  The  assumptions  under- 
lying this  curve  are  set  forth  in  the  following  paragraphs  : — 

In  working  out  the  data  for  the  curve  of  Fig.  235  it  is  assumed 
that  a  magnet  core  with  a  section  of  1000  square  centimetres  is 
required  to  carry  the  flux,  and  a  magnetomotive  force  of  10,000  am- 
pere turns,  to  induce  that  flux.    The  depth  of  the  winding  is  taken 
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FiQ.  235.  —  Curve  showing  the  effect  of  the  shape  of  the  magnet  core  on  the 
weight  of  the  magnetising  copper  required. 


equal  to  5  centimetres  for  all  cases.  The  voltage  across  the  coil  is 
taken  at  100  volts,  and  the  heating  coefficient  allowed  is  9.5  watts  per 
square  decimetre.  It  is  interesting  to  notice  that  the  required  length 
of  the  coil  is  foimd  to  be  practically  the  same  (25  centimetres)  for 
every  case,  showing  that  the  section  of  the  core  affects  only  the 
weight  of  the  copper,  and  not  the  length  of  the  magnet  core,  which 
is  in  accordance  with  the  above  reasoning. 

In  order  that  the  curve  in  Fig.  235  may  serve  as  a  rough  guide 
for  field  spools  with  other  constants,  it  may  be  noticed  at  this  point 
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that  the  weight  of  copper  varies  inversely  as  the  loss  in  watts,  and 
approximately  directly  as  the  diameter  of  the  magnet  core.  If  the 
spool  is  made  of  greater  radial  length  and  with  a  smaller  winding 
depth,  the  weight  of  copper  is  reduced,  but  to  effect  this,  the  weight 
of  the  magnet  cores  and  yokes  is  increased.  It  is  difficult  to  lay 
down  any  rule  for  this,  but  it  may  generally  be  assumed  that  the 
winding  depth  should  be  kept  down  to  some  four  or  five  centimetres, 
though  this  must  be  governed  entirely  by  the  type  and  size  of  each 
machine  and  the  conditions  for  which  it  is  designed.  The  labour 
attending  the  winding  of  field  spools  is  also  less  the  nearer  the 
approach  to  a  circular  form,  and  the  machining  operations  on  the 
magnet  core  are  simpler. 

Interpoles  proportioned  to  neutralise  the  reactance  voltage  do  not 
decrease,  but,  on  the  contrary,  may  somewhat  increase  the  armature 
distortion.  To  overcome  this  defect,  compensating  windings  are 
often  employed.  These  consist  in  windings  distributed  over  the  pole 
face  and  directly  opposite  the  armature  windings.  If  the  main  cur- 
rent after  leaving  the  armature  is  carried  through  such  compensating 
windings,  the  armature  interference  may  be  completely  neutralised 
at  every  point.  These  distributed  windings  may  also  ser\'e  to  excite 
the  interpoles,  and  in  such  cases  the  interpoles  do  not  require  to  be 
provided  with  spools.  A  design  on  these  lines  is  illustrated  in  Fig. 
310  on  page  429. 

This  is  the  ideal  solution  for  extreme  cases  where  considerations 
of  size  and  cost  must  give  way  to  considerations  relating  to  obtaining 
the  best  possible  performance  as  regards  commutation.  The  great 
majority  of  cases  where  the  ordinary  design  without  auxiliary  features 
fails  to  suffice,  may,  however,  in  the  authors'  opinion  be  appropriately 
met  by  interpole  designs.  Beyond  the  limits  where  good  results  are 
certain  of  attainment  with  interpole  designs,  advantage  must  be 
taken  of  the  further  improvement  incident  to  employing  compen- 
sating windings  in  addition  to  interpoles.  Some  firms,  however, 
employ  the  combination  of  interpoles  and  compensating  windings 
even  in  designs  of  low  ratings.  It  would  appear  that  they  thereby 
not  only  needlessly  increase  the  cost,  but  sacrifice  the  efficiency  and 
impair  the  ventilation. 

The  number  of  high  speed  continuous  current  dynamos  of  really 
large  output  which  have  as  yet  been  put  to  work,  is  still  far  from  great, 
and  actual  experience  with  them  covers  so- short  a  period  that  at  the 
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present  time  no  one  is  justified  in  expressing  any  very  emphatic 
opinions. 

It  is  at  just  such  a  stage  of  development,  however,  that  such  a  study 
of  the  subject  as  that  which  the  authors  set  forth  in  the  following 
pages,  is  the  more  needed,  and  it  is  with  a  reaUsation  of  this  circum- 
stance that  we  have  gone  exhaustively  into  the  preparation  of  an 
extensive  series  of  tentative  designs.  Our  programme  has  been  too 
extensive  to  permit  of  working  out  each  single  design  in  detail;  and 
no  one  should  commit  the  indiscretion  of  proceeding  to  build  any 
particular  design  employing  the  dimensions  set  forth  in  this  treatise. 
Nevertheless,  as  a  good  preliminary  basis  for  detailed  study,  these 
individual  designs  should  prove  useful.  Our  purpose  has  related 
chiefly  to  investigating  wide  ranges  of  conditions  with  a  view  to  arriv- 
ing at  the  natural  laws  underl3dng  the  subject. 

The  attainment  of  this  purpose  does  not  require  a  complete  exposi- 
tion of  the  elementary  principles  of  dynamo  design.  These  princi- 
ples are  set  forth  in  various  text-books  to  which  the  reader  should 
refer,  and  they  lead  up  to  various  useful  rules  and  empirical  methods 
which  constitute  most  suitable  starting-points  for  such  investiga- 
tions as  are  undertaken  in  the  present  treatise. 


CHAPTER  XIV. 

A  METHOD  OF  DETERMINING  THE  LEADING  DIMENSIONS 

OF  LARGE,  HIGH  SPEED,  CONTINUOUS  CURRENT 

GENERATORS. 

An  important  consideration  in  the  determination  of  the  leading 
dimensions  and  general  design  of  a  continuous  current  dynamo  is 
that  of  commutation.  With  high  speed  continuous  current  dynamos 
this  consideration  constitutes  the  most  important  limitation  of  the 
output. 

The  Estimation  of  the  Reactance  Voltage.  —  For  the  purposes  of 
the  present  treatise  it  is  most  convenient  to  estimate  XI,  the  reactance 
per  pole  in  ohms,  as  follows : 

n  ^  KXX^XRX  F  X  10^, (1) 

where  jK  is  a  factor  obtained  from  the  curve  in  Fig.  236. 

kg  =  gross  core  length  in  centimetres. 

R  =  speed  in  revolutions  per  minute. 

F  =  total  number  of  face  conductors  on  armature. 

T  ( in  Fig.  236)  =  polar  pitch  at  air  gap  in  centimetres. 

TZ   X   D 

r  is  equal  to  — - —  where  D  =  gap  diameter  in  centimetres, 
and  P=  number  of  poles. 

This  formula,  it  should  be  stated,  is,  as  it  stands,  only  correct  for 
multiple  circuit  single  windings  with  one  turn  per  commutator  seg- 
ment. It  is,  however,  exclusively  with  machines  employing  this 
type  of  winding,  that  we  shall  in  the  present  treatise  have  to  deal. 
If  this  type  of  winding  is  employed,  then,  when  the  dynamo  is  loaded 

with  a  current  of  /  amperes,  the  current  per  circuit  is  equal  to   p. 

Hence,  the  reactance  voltage  is  equal  to-r,  X  n. 
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Thus  we  have 

Reactance  voltage  ^  K  X  X^  X  R  X  F  X  Lx  IQ-^    .    .    (2) 

Furthermore, 

A       +  .  ,  F     .,  /  1       ..FXI 

Armature  ampere  turns  per  pole 


Therefore 


Fxl 


2  X  P^P      2  X  P 


X 


'  2  X  P  X  armature  ampere  turns  per  pole .    .    (3) 


Substituting  (3)  in  (2)  we  obtain 

Reactance  voltage  =  2xiiLX^X/2xPx  armature  ampere 

turns  per  pole  X  10"' (4) 


0.6 


0.5 


t 

f  0.4 


0.8 


OJt 


0.1 


0.2 


0.4 


0.6  0.8  1,0 

Values  for  hi 

T 


1.2 


1.4 


Fig.  236. —  Curve  showing  the  value  of  "  K  "  in  the  fonnula,  O  -  "/T"  X  X^  X 
R  X  F  X  10""*,  for  estimating  the  reactance  voltage. 

When,  as  will  generally  be  the  case,  greater  exactness  is  not  war- 
ranted, we  may  substitute  for  K  the  mean  value  of  0.4,  and  our 
formula  for  the  reactance  per  pole  will  then  read 

a^OAxx^xRxFx  10-» (5) 

and  the  formula  for  the  reactance  voltage  will  then  read 

Reactance  voltage  ^  0.8  X  X^  X  R  X  P  X  armature  ampere 

turns  per  pole  X  10^ (6) 
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Thus  for  various  numbers  of  poles  we  obtain  for  the  reactance 
voltage  the  expressions  brought  together  in  Table  43. 


TABLE  43. 

Expressions  for  the  Reactance  Voi/tagb  op  Multiple-Circuit  Windings 
WITH  Various  Numbers  of  Poles. 

Reactance  Voltage  of  Maltiple  Circuit  Windingg. 


Number  of 
Poles. 

Formula. 

4  .    .    .    . 

6  .    .    .    . 

8  .    .    .    . 
12  ...    . 
16  ...    . 

Reactance  Voltage  » 
Reactance  Voltage  — 
Reactance  Voltage  = 
Reactance  Voltage  = 
Reactance  Voltage  •= 

3.2  X  XgX  R  X  Arm. 
4.8  X  VX  i2  X  Ann. 
QA  X  XgX  R  X  Arm. 
9.6  X  Xff  X  R  X  Arm. 
12.8  X  XffX  R  X  Ann. 

a't's  per  pole  X  10-« 
a't's  per  pole  X  10-» 
a't's  per  pole  X  lOr* 
a't's  per  pole  X  10-« 
a't's  per  pole  X  10 -• 

Each  of  these  expressions  may  be  simplified  for  the  case  of  a  given 
number  of  armature  ampere  turns  per  pole.  Thus  in  Table  44  are 
given  the  expressions  obtained  for  various  armature  strengths. 


TABLE  44. 

Factors  to  be  Employed  in  Obtaining  the  Reactance  Voltage  in  Terms  of 

THE  Gross  Length  of  the  Armature  Core,  and  the  Speed  in 

Revolutions  per  Minute. 


Armature 

Strength  in 

Ampere 

Valuee  of  K  in  the  Formula  Beaotance  Voltage  m,Kx^X^ 
for  the  following  Numbers  of  Poles. 

Turns  per 
Pole. 

4 

6 

S 

10 

la 

14 

16 

20 

12,000    . 
11,000     . 
10,000    . 

9,000    . 

8,000    . 

7,000    . 

6,000    . 

5,000    . 

4,000    . 

3,000    . 

2,000    . 

.000384 
.000352 
.000320 
.000288 
.000256 
.000224 
.000192 
.000160 
.000128 
.000096 
.000064 

.000576 
.000528 
.000480 
.000432 
.000384 
.000336 
.000288 
.000240 
.000192 
.000144 
.000096 

.000768 
.000704 
.000640 
.000576 
.000512 
.000448 
.000348 
.000320 
.000256 
.000192 
.000128 

.000960 
.000880 
.000800 
.000720 
.000640 
.000560 
.000480 
.000400 
.000320 
.000240 
.000160 

.001152 
.001056 
.000960 
.000864 
.000768 
.000672 
.000576 
.000480 
.000384 
.000288 
.000192 

.001340 
.001230 
.001120 
.001010 
.000900 
.000785 
.000672 
.000560 
.000448 
.000336 
.000224 

.001536 
.001408 
.001280 
.001152 
.001024 
.000996 
.000768 
.000640 
.000512 
.000384 
.000256 

.001920 
.001760 
.001600 
.001440 
.001280 
.001120 
.000960 
.000800 
.000640 
.000480 
.000320 

It  is  thus  evident  that  for  a  given  number  of  poles  P,  a  ^ven  arma- 
tiire  strength  in  ampere  turns  per  pole,  and  a  given  speed,  R,  in 
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revolutions  per  minute,*  we  may  plot  the  reactance  voltage  as  a 
function  of  Xg  the  gross  core  length. 

Let  us  apply  this  process  to  the  case  of  6-pole  machines  for  a 
speed  of  1000  revolutions  per  minute. 

P  =  6;  R=  1000. 

In  Fig.  237,  the  five  curves  relate  to  designs  with  armature  strengths 
of  2000,  4000,  6000,  8000,  and  10,000  ampere  turns  per  pole,  and  con- 
form fairly  with  the  6-pole  formula  in  Table  43.  This  formula 
reads: 

Reactance  voltage = 4.8  X  ^^  X  /2  X  Armature  ampere  turns  per  pole. 

As  Fig.  237  relates  exclusively  to  designs  for  a  speed  of  1000  R.P.M. 
the  formula  becomes 
Reactance  voltage =4800  X  ^  X  armature  ampere  turns  per  pole  X  10~*. 

The  lowest  of  these  five  curves,  which  represents  designs  with  2000 
armature  ampere  turns  per  pole,  is,  except  toward  the  left  hand  end, 
closely  represented  by  the  expression 

Reactance  voltage  =  0.096  X  i^. 

To  be  precise,  however,  the  curves  in  Fig.  237  are  plotted  with  the 
varying  values  of  K  corresponding  to  the  curve  in  Fig.  236,  whereas 
Tables  43  and  44  are  based  on  the  7nean  value  of  K,  namely,  0.4. 
Hence  for  the  low  values  of  ^,  i.e.,  for  the  left  hand  ends  of  the  curves 

*  In  order  to  obtain  the  value  of  -^,  the  further  assumption  has  been  made  that 

there  are  150  annature  ampere  turns  per  centimetre  of  gap  periphery.  The  influ- 
ence of  this  additional  assumption  will  be  discussed  at  a  later  stage.  The  assimip- 
tion  is  only  necessary  when  in  the  formula 

Reactance  voltage  ~  K  X  ^  X  R  X  F  X  -p  x  IQ-* 

we  wish  to  employ  the  precise  values  of  K  given  by  the  curve  in  Fig.  236.  When, 
for  K,  we  substitute  the  mean  value  of  0.4,  we  may  plot  fairly  correct  equivalents 
of  the  curves  of  Fig.  237.  Before,  however,  we  can  assign  a  diameter  to  each 
curve  as  shown  in  Fig.  238,  this  assumption  as  to  the  ampere  turns  per  centimetre 
of  periphery,  must  be  made.    The  curves  plotted  from  the  formula 

Reactance  voltage  ^  K  X  Xg  X  R  X  Arm.  a't's  per  pole 

would  have  differed  from  those  actually  given  in  Fig.  237  in  that  they  would,  if 
extended,  have  all  passed  through  zero,  whereas  the  curves  in  Fig.  237  cut  the  axis 
of  ordinates  at  points  appreciably  above  zero.  These  considerations  are  more  fully 
set  forth  in  the  immediately  following  pages,  and  this  footnote  has  been  inserted 
merely  to  save  the  reader  from  undue  concern  regarding  inconsistencies  for  which, 
in  the  end,  he  will  see  the  justification. 
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of  Fig.  237,  where  the  ratio  of  ~  becomes  small,  the  reactance  volt- 
age is  appreciably  higher  than  is  given  by  the  fonnula 
Reactance  voltage  =  0.096  X  ig. 
In  fact,  for  the  limiting  (and  imaginary)  case  of  a  machine  in  which 
the  diameter  remaining  constant,  the  gross  core  length  becomes 
equal  to  zero,  i.e.,  in  which  ^^  =  0,  there  is  still,  for  a  given  arma- 
ture strength,  a  certain  reactance  voltage  due  to  the  inductance  of 
the  end  connections.  This  is  the  reason  why  the  curves  in  Fig.  237, 
instead  of  approaching  zero  with  decreasing  values  of  Xg,  cut  the  axis 
of  ordinates  at  points  considerably  above  zero. 


10  20  30  40  60 

6ro88  Core  Length(Xi7)- 


60 


Fig.  237.  —  Reactance  voltage  curves  for  various  6-pole  1000  R.P.M. 
designs  for  various  armature  strengths. 

While  it  has  been  desirable  to  recognise  this  in  plotting  the  curves 
in  Fig.  237,  it  is  quite  needless  for  the  designer  to  unduly  burden 
his  mind  with  the  fact,  since  the  reactance  voltage  is  not  a  quantity 
of  such  a  definite  nature  as  to  be  susceptible  of  predetermination 
with  much  accuracy.  Thus,  for  general  pur|X)ses,  the  reactance  volt- 
age for  a  given  armature  strength  (in  ampere  turns  per  pole),  and 
for  a  given  speed  and  number  of  poles,  may  be  taken  as  directly  pro- 
portional to  ^  as  set  forth  in  Table  44. 

In  order  to  plot  the  curves  in  Fig.  237  on  this  more  exact  basis,  a 
certain  value  for  the  armature  ampere  turns  per  centimetre  of  gap 
periphery  had  to  be  assumed  in  order  to  be  able  to  determine  the 

diameter  as  a  step  in  the  determination  of  — .    The  average  value  of 
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150  armature  ampere  tmns  per  centimetre  of  gap  periphery  was  taken. 
Thus  for  the  curve  for  2000  armature  ampere  turns  per  pole 
(6  X  2000  =  12,000  ampere  turns  for  the  entire  periphery),  the  gap 
diameter  is  obtained  as  follows: 

Z)=J^  =  25.4. 
150  X;r 

In  the  same  way  the  gap  diameters  for  the  other  curves  are  ob- 
tained, and  from  these  the  values  of  S,  the  peripheral  speed  in  metres 
per  second,  and  of  t,  the  polar  pitch  in  centimetres. 


Thus 


and 


60    ^  100      "•^•'^  ^  ^? 


XD 
6 


0.525  X  D* 


These  values  are  brought  together  m  table  45: 

TABLE  45. 

Valuis  of  Armatdbb  Strength  and  Armature  Diameter. 


Armatnre  Strength 

i)(Gap 

S  (Peripheral 
Speed  in  Metres  per 

T  (Polar 

In  Ampere 

Diameter  in  Centi- 

Pitch  at  Air  Gap  in 

Turns  per  Pole. 

metree). 

Second). 

Centimetres). 

10,000 

127 

67 

67 

8,000 

102 

53 

53 

6,000 

76 

40 

40 

4,000 

51 

26 

26 

2,000 

25 

13 

13 

To  plot  any  one  of  the  five  curves  of  Fig.  237,  say  the  curve  for 
6000  armature  ampere  turns  per  pole,  it  has  merely  been  necessary 
to  proceed  as  in  Table  46. 

TABLE  46. 
Values  of  Armature  Gross  Core  Lenqth  and  Reactance  Voltage. 


A^. 

r. 
(From  Table  46). 

T 

K  (from  Fig.  236). 

Reactance 
Voltage 

10 

40 

0.25 

0.525 

3.8 

20 

40 

0.50 

0.44 

6.4 

30 

40 

0.75 

0.42 

9.1 

40 

40 

1.00 

0.39 

11.3 

50 

40 

1.25 

0.38 

13.9 

The  other  curves  are  similarly  derived. 

*  For  6-pole  1000  R.P.M.  designs,  the  value  of  r  in  centimetres  happens  to  be 
equal  to  the  peripheral  speed  in  metres  per  second.  This  would,  of  course,  not  be 
the  case  for  other  numbers  of  poles  or  speeds. 
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It  must  be  understood,  however,  that  the  armature  ampere  turns 
per  centimetre  of  periphery  is  a  quantity  for  which  widely  varying 
values  may  all  lead  to  good  designs.  Thus,  instead  of  the  average 
value  of  150  armature  ampere  turns  per  centimetre,  125  or  175  and 
even  more  widely  diverging  values  might,  in  a  given  case,  be  em- 
ployed, the  magnetic  flux  being  in  the  one  case  proportionately 
greater,  and  in  the  other  case  proportionately  less.* 

Thus,  instead  of  designating  these  five  curves  as  corresponding 
respectively  to  2000,  4000,  6000,  8000,  and  10,000  armature  ampere 
turns  per  pole,  it  is  preferable  to  designate  them  as  a,  b,  c,  d  and  e. 


so  90  40 

Gi(M»  Oote  Lengfh  C\«) 

Fio.  238.  —  Reactance  voltage  curves  for  6-pole  1000  r.p.m. 
designs  for  various  diameters. 


It  will  be  more  convenient  on  the  diagrams  to  denote  the  lines  for 
armature  strengths  of  2000,  4000,  6000,  8000  and  10,000  ampere  turns 
per  pole,  a,  6,  c,  d,  and  e  respectively.  In  the  present  treatise  we  are 
exclusively  concerned  with  machines  of  rather  large  rated  outputs, 
these  rated  outputs  rarely  lying  outside  of  the  limits  of  250  kw.  as 
a  minimum  and  1000  kw.  as  a  maximum.  For  this  range  of  rated 
outputs,  a  loading  of  150  ampere  turns  per  centimetre  of  gap  peri- 
phery is  a  sufficiently  representative  value  for  our  purpose.  On  the 
basis  of  this  value  and  for  a  design  with  a  given  number  of  poles, 

*  The  values  of  the  armature  ampere  turns  per  centimetre  of  gap  periphery 
increase  gradually  from  very  small  values  in  machines  of  small  capacity  or  siae, 
up  to  well  on  toward  200  in  very  large  machines,  and  would  often  be  higher  still 
for  low  voltage  machines  of  laige  rated  capacity.     (See  Fig.  239). 
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a  definite  diameter  is  associated  with  each  armature  strength.  Thus 
for  6-pole  designs  with  150  armature  ampere  turns  per  centimetre 
of  gap  periphery,  curves  a  to  e  have  the  values  for  r  and  D,  which 
are  written  against  them  in  Fig.  238.  If,  furthermore,  the  designs 
are  all  for  a  rated  speed  of  1000  R.P.M.,  i.e.,  if  we  have 

R  =  1000, 

then  values  for  S,  the  peripheral  speed  of  the  armature,  may  also 
be  written  against  the  curves  as  has  been  done  in  Fig.  238. 
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Fig.  239.  —  Curves  showing  suitable  armature  ampere  turns  per  Centimetre  of 
periphery  for  continuous  current  machines  for  600  volts. 

In  the  interests  of  arriving  at  a  method  of  continuous  current 
dynamo  design  which  shall  permit  of  obtaining  a  broad  and  well- 
balanced  understanding  of  the  influence  of  the  most  important  fac- 
tors, it  is  not  only  justifiable,  but  essential,  to  make  assumptions 
such  as  this  of  150  ampere  turns  per  centimetre  of  gap  periphery, 
notwithstanding  a  full  realisation  of  the  fact  that  widely  diverging 
values  of  this  quantity  must  often  be  substituted  in  the  process  of 
working  out  individual  designs. 

In  certain  instances  a  reference  to  Table  47  showing  values  of  t 
corresponding  to  curves  a  to  e  for  other  armature  loadings  than 
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150  ampere  turns  per  centimetre  of  gap  periphery,  is  convenient. 
In  the  actual  detailed  designing  of  particular  machines,  it  is  often 
useful,  for  the  purposes  of  preliminary  assumptions,  to  consult  the 
curves  of  Fig.  239  in  which  fair  representative  values  of  the  arma- 
ture ampere  turns  per  centimetre  of  periphery  for  500-volt  machines 
are  plotted  as  a  function  of  the  rated  output  in  kilowatts. 

The  curves  of  Fig.  239  enable  us  to  readily  correct  the  reactance 
voltage  values  as  taken  direct  from  the  curves.  Thus  for  the  case  of 
a  design  employing  only  100  ampere  turns  per  centimetre  of  gap 
periphery,  the  reactance  voltage  for  a  given  pair  of  values  of  D  and 
^g  will  be  only 

100 

— -  X  Ordinates  to  curves  in  Figs.  237  and  238. 

loU 

The  best  practice  in  dynamo  design  requires  lower  values  for  the 
armature  ampere  turns  per  centimetre  of  gap  periphery,  for  higher 
voltages,  and  higher  values  for  lower  voltages.  We  shall  also  learn 
in  later  sections  of  the  treatise  that  these  values  are  also  affected  by 
the  rated  speed.  It  w^ll  be  noted  that  for  250  kw.  rated  output,  the 
plotted  value  is  some  133  ampere  turns  per  centimetre  of  gap  peri- 
phery as  against  a  value  of  about  157  for  designs  for  a  rated  output 
of  1000  kw.  For  the  broad  purpose  which  we  have  at  present  in 
hand,  the  representative  value  of  150  armature  ampere  turns  per 
centimetre  of  gap  periphery  is  exclusively  employed. 


TABLE   47. 

Values  of  t  for  Various  Curves  in  Figs.  238  and  247,  and  for  Various 
Values  of  Armature  Ampere  Turns  per  Centimetre  of  Periphery  at 
Air  Gap. 


Ampere 

Values  of  the  pole  pitch  t  for  Cunres  In  Figs.  238  and  247. 

Turns  per 

Cm.  of 

1 

Periphery. 

a. 

b. 

c. 

d. 

e. 

100 

20.0 

40.0 

60.0 

80.0 

100.0 

110 

18.2 

36.4 

54.5 

72.8 

91.0 

120 

16.7 

33.4     . 

50.0 

66.7 

83.3 

130 

15.4 

30.8 

46.1 

61.5 

76.9 

140 

14.3 

28.6 

42.8 

57.2 

71.5 

150 

13.3 

26.6 

40.0 

53.3 

66.7 

160 

12.5 

25.0 

37.5 

50.0 

62.5 

170 

11.8 

23.6 

35.3 

47.0 

58.8 

180 

11.1 

22.2 

33.3 

44.4 

55.5 

190 

10.5 

21.0 

31.6 

42.1 

52.6 

200 

10.0 

20.0 

30.0 

40.0 

50.0 
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The  armature  diameter,  D,  and  the  peripheral  speed,  5,  may  be 
obtained  from  the  values  of  the  pole  pitch  r  in  the  above  table,  by 
means  of  the  simple  relations: 
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Output  coefficients  of  continuous  current  dynamos. 


The  "  Output  Coefficient."  *  —  The  output  coefficient  is  denoted 
by  the  letter  f ,  and  its  value  may  be  obtained  from  the  formula 

where    TF  =  rated  output  in  watts, 

D  =  air  gap  diameter  of  armature  in  decimetres,! 
Xg  =  Gross  core  length  of  armature  in  decimetres,t 
R  =  Rated  speed  in  revolutions  per  minute. 

*    ♦  The  subject  of  the  "Output  Coefficient"  for  continuous  current  machines  has 
already  been  treated  in  Chap.  II,  from  one  point  of  view. 

t  It  is  convenient  in  the  output  coefficient  formula,  to  express  D  and  Ig  in  deci- 
metres, and,  in  the  hands  of  practitioners,  this  introduces  no  confusion  ^-ith  the 
practice  of  expressing  D  and  Ig  in  centimetres  on  all  other  occasions.  But  students 
must  be  careful  not  to  make  mistakes  in  this  matter. 
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In  Fig.  240  are  shown  curves  for  the  "output  coefficient"  plotted 
as  a  function  of  the  kilowatts  output,  and  for  speeds  ranging  from 
125  to  2000  II.P.M.  and  for  500  volts.*  From  these  curves  it  is  seen 
that  the  output  coefficient  is  higher  for  a  slow  speed  machine  than  for 
a  high  speed  design  of  the  same  rated  output.  This  circumstance  is 
partly  attributable  to  the  thermal  and  partly  to  the  conmiutation 
difficulties  encountered  in  extra  high  speed  designs.  In  such  cases^ 
i.e.,  in  extra  high  speed  designs,  the  diameter  has  to  be  kept  small 
because  of  the  magnitude  of  the  mechanical  stresses  arising  from  the 
high  peripheral  speeds,  and  consequently  large  centrifugal  forces. 
Hence  it  is  that  in  an  extra  high  speed  machine  we  always  have  a  long 
armature  when  compared  with  that  of  a  moderate  speed  machine  for 
the  same  rated  output.  It  follows  that  in  extra  high  speed  machines 
the  embedded  length  of  the  short  circuited  turns  is  much  greater  than 
in  moderate  speed  machines  of  the  same  output.  As  a  consequence 
of  this  and  'of  the  high  periodicity  of  commutation,  the  reactance 
voltage  for  a  given  current  per  conductor  becomes  large,  thereby 
rendering  necessary  the  introduction  of  interpoles  to  enable  commu- 
tation to  be  performed  satisfactorily.  The  space  required  by  these 
interpoles  necessitates  an  increase  in  diameter,  or,  if  this  is  impossible 
owing  to  the  limitations  imposed  by  mechanical  stresses,  then  the  polar 
pitch,  T,  must  be  increased  by  employing  a  smaller  number  of  poles. 

The  output  coefficient  is  also  influenced  to  a  certain  extent  by 
the  voltage,  for  if  the  voltage  is  high,  then  more  space  must  be 
provided  for  insulation,  and  there  is  thereby  necessitated  a  lower 
output  coefficient  than  for  a  low  voltage  machine.  Again,  from  the 
curves  in  Fig.  240,  we  notice  that  the  output  coefficient  is  higher, 
the  higher  the  output  of  the  machine;  this  is  to  a  considerable  extent 
in  consequence  of  the  higher  slot  space  factor  which  may  be  obtained 
in  the  case  of  large,  as  compared  with  small  machines,  thus  permitting 
the  use  of  a  relatively  smaller  diameter. 

From  Fig.  240  we  may  obtain  approximate  preliminary  assump- 
tions for  the  output  coefficients  of  machines  for  various  rated  out- 
puts and  various  rated  speeds. 

W  W 

Since        f  =»  7;; ; 1^  9  we  have         ' 


*  The  circumstances  attending  the  preparation  of  any  particular  design ,  often 
justify  wide  departures  from  these  output  coefficient  curves. 
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If,  now,  we  assign  values  to  D,  W,  and  /2,  and  from  Fig.  240  ob- 
tain f  for  a  machine  corresponding  to  this  data,  we  may,  by  substi- 
tuting these  values  in  the  above  equation,  at  once  obtain  a  value  for 
ig.  As  an  example  let  us  take  the  case  of  the  6-pole  1000  R.P.M. 
machines  which  we  have  been  considering,  and  let  us  assign  to  D 
the  value  of  127  centimetres  =  12.7  decimetres.  This  is  the  value 
corresponding  to  curve  e,  Fig.  238.  Let  us  assign  to  W  the  value 
of  250,000  watts  rated  output.  Then  f  obtained  from  Fig.  240  for 
this  data  is  equal  to  1.75. 

Substituting  these  values  in  the  above  equation,  we  have 

.  250,000  non   1     •       + 

^  =  .^^  >,x, — z^irz rrrr  =  0.89  decmietre. 

^       (12.7)' X  1.75  X  1000 

As  an  alternative  design  let  us  give  to  D  the  value  10.2  decimetres, 
i.e.,  that  corresponding  to  curve  d,  Fig.  238,  keeping  the  same  values 
of  W  and  R  and  consequently  also  of  f  as  before. 

Therefore,     ;,  =  (io.2)»  "^^^^  iqoo  =  ^'^  ^^"™«*^««- 

Continuing  in  this  manner,  the  following  values  are  obtained,  for 
}ig  for  the  corresponding  values  of  D  given  by  curves  a  to  e  of 
Fig.  238,  the  values  of  D  and  ^  being  given  in  centimetres. 


D, 

^. 

127 
102 

76 

51 

25.4 

8.9 
13.8 
24.8 
55 
220 

Having  deduced  values  for  ^  corresponding  to  the  various  dia- 
meters, as  given  in  the  preceding  table,  for  an  output  of  250  kw. 
and  for  a  speed  of  1000  revolutions  per  minute,  we  can  mark  a  point 
on  each  diameter  curve  of  Fig.  238  corresponding  to  the  value  of 
Xg  obtained  in  the  above  table.  For  example,  for  D  =  102  we  have 
Xg  =  13.8,  and  marking  the  point  ^  =  13.8  on  the  curve  for  D  =  102 
in  Fig.  238  we  know  that  this  point  corresponds  to  an  output  of 
250  kw.  at  1000  R.P.M.  We  may  also  mark  similar  points  on  each 
of  the  diameter  curves  in  Fig.  238,  thus, 

on  the  curve  for  D  ==  76,  the  point  is  ^  «  24.8, 
and  on  the  curve  for  D  =  127,  ^  =  8.9. 
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A  curve  drawn  through  the  three  points  thus  obtained  gives  an 
output  line  for  250  kw.  at  1000  R.P.M.  This  has  been  done  in 
Fig.  241,  giving  us  a  set  of  curves  showing  the  reactance  voltages 
as  a  function  of  the  gross  core  length  i^,  the  diameter  D,  and  also  of 
the  output. 

The  curves  in  Fig.  241  all  relate  to  designs  for  1000  R.P.M.  In 
Fig.  242  are  plotted  in  curves  the  results  of  similar  investigations 
for  6-pole  designs  for  other  rated  speeds.  Attention  should  be  drawn 
to  the  very  small  values  of  the  reactance  voltage  at  the  low  rated 
speed  of  125  R.P.M.  as  compared  with  the  very  high  values  at  the 


10  20  80  40  50 

Gross  Core  Length  (Kg) 

Fia.  241. —  Reactance  voltage  curves  for  6-pole  1000  r.p.m. 
designs  for  various  outputs  and  diameters. 


high  rated  speed  of  2000  R.P.M.  At  the  former  speed  (125  R.P.M.) 
it  is  rarely  necessary  or  desirable  to  employ  interpoles  even  for  the 
larger  values  of  ^.*  At  the  latter  speed  (2000  R.P.M.),  interpoles 
are  necessary  in  all  machines  except  those  of  exceedingly  small  rated 
output. 

In  Fig.  243  are  plotted  curves  showing  for  6-pole  designs  in  which 
ig  =  30,  the  relation  between  the  reactance  voltage  and  the  rated 
speed  in  R.P.M.  for  machines  of  125,  250,  500,  and  1000  kw.  rated 
output.  These  curves  show  that  the  reactance  voltage  increases  both 
with  rated  output  and  speed.    In  Fig.  244  are  plotted  curves  showing 

*  Very  low  speed  machines  of  large  rated  output  and  for  a  pressure  of  some 
1000  volts  or  more,  often  work  out  beat  with  more  than  one  turn  per  segment  and 
with  interpoles. 
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the  relation  between  the  reactance  voltage  and  the  rated  output  for 
speeds  of  125, 250,  500, 1000,  and  2000  R.P.M.,  for  these  6-pole  designs 
with  >ly  =  30.  This  set  of  curves  is  derived  from  the  set  shown  in 
Fig.  243. 

In  Fig.  245  are  corresponding  groups  of  curves  for  designs  with 
4,  6,  8,  12,  and  16  poles,  and  all  for  a  speed  of  1000  R.P.M.  These 
curves  are  useful  in  comparing  the  relative  merits  of  different  num- 
bers of  poles  for  a  1000  R.P.M.  design  of  a  given  rat^  capacity. 

In  Fig.  246  are  plotted  three  sets  of  curves,  which  show  the  rela- 
tion between  the  reactance  voltage  and  the  rated  output  in  kilowatts 
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Fig.  243.  —  Reactance  voltage  curves  for  6-pole  designs  for  \g  =  30. 


for  various  numbers  of  poles,  for  three  values  of  Xg  (20,  30,  and  40 
centimetres)  and  for  a  rated  speed  of  1000  R.P.M.  These  curves 
show  that  the  higher  the  number  of  poles,  the  lower  the  reactance 
voltage.  Furthermore,  the  greater  the  value  of  ^^,  the  higher  the  react- 
ance voltage.  If,  for  a  given  rated  output  and  speed,  ^  is  increased, 
the  value  of  D,  the  diameter  must  be  decreased,  in  order  to  keep 
the  value  of  T^Xg  the  same  as  before,  because  the  output  coefficient 
is  dependent  chiefly  on  the  rated  output  and  rated  speed,  as  shown 
in  Fig.  240.  Consequently,  generally  speaking,  the  larger  the  dia- 
meter, the  lower  the  reactance  voltage  for  a  given  output  coeflScient. 
This  increase  in  the  diameter  should,  however,  not  be  carried  too  far, 
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as  the  relatively  slight  reduction  in  the  reactance  voltage  does  not 
warrant  such  procedure,  because  of  the  higher  cost  of  manufacture 
inherent  to  designs  of  large  diameter  and  because  of  mechanical  limi- 
tations relating  to  the  peripheral  speed,  shape  of  magnet  cores,  etc. 
Where  the  reactance  voltage  has  exceeded  satisfactory  limits  inter- 
poles  must  be  introduced. 

The  large  chart  in  Pig.  247  comprises  groups  of  curves  for  various 
speeds  and  numbers  of  poles.  The  five  vertical  columns  relate  re- 
spectively to  4,  6,  8,  12,  and  16-pole  designs,  and  the  five  horizontal 
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Fig.  244. —  Reactance  voltage  curves  for  6-poIe  designs  for  ^  —  30. 


rows,  to  rated  speeds  of  125,  250,  500,  1000,  and  2000  R.P.M.  In 
this  chart,  all  the  curves  have  been  plotted  to  the  same  scale  in  order 
that  one  may  obtain  a  true  conception  of  the  influence  of  the  various 
factors.  In  the  case  of  the  low  speed  designs,  however,  and  more 
especially  of  those  with  relatively  few  poles,  some  of  the  individual 
groups  of  curves  are  thereby  rendered  less  clear.  These  particular 
groups  of  curves  have  consequently  been  again  plotted  and  to  more 
suitable  scales,  in  Figs.  248,  249,  and  250. 

In  Figs.  245  to  250  the  large  circles  indicated  on  most  of  the  curves, 
constitute  loci  of  designs  of  such  proportions  that  magnet  cores  of  cir- 
cular cross  section  are  most  appropriate.    Of  course  a  circular  cross 
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section  is  generally 
practicable  for  designs 
Ijdng  anywhere  in  the 
neighbourhood  of  the 
track  of  these  circles. 

By  a  judicious  use 
of  the  large  chart  in 
Fig.  247,  and  of  these 
supplementary  charts, 
the  designer  derives 
considerable  assist- 
ance at  the  prelimi- 
nary stages  of  the 
roughing  out  of  the 
design. 

The  charts  have 
been  introduced  at 
this  point  in  order 
that  reference  may  be 
made  to  them  at  sub- 
sequent stages  of  our 
investigations. 

Against  each  of  the 
full  line  curves  is  set 
not  only  the  speed 
in  revolutions  per 
minute,  but  also  the 
peripheral  speed  in 
metres  per  second, 
and  no  curves  are 
drawn  in  which  the 
peripheral  speed  ex- 
ceeds 100  metres  per 
second.  As  a  matter 
of  fact,  80  metres 
per  second  is  a  very 
high  limit,  and  higher 
speeds  are  shown  only 
out  of   consideration 
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for  the  rapid  strides  toward  greater  permissible  speeds,  which  have 
recently  been  made  and  are  still  in  progress. 

It  is  proposed  now  to  describe  a  method  of  procedure  suitable  for 
determining  the  leading  dimensions  of  a  design  for  a  given  rated  out- 
put, voltage,  and  speed. 

Let  us  first  turn  our  attention  to  a  design  for 

500  kw. 
250  volts 
125  R.P.M. 

Denoting  by  /  the  amperes  output  at  rated  load,  we  have 

T    _  500,000'         cyfkfifi 

^ "  "25or  -  ^^• 


Letting  P  =  number  of  poles,  we  obtain  for  —  the  amperes  per 
circuit,  the  following  values: 


/*. 

/ 
J*' 

8 
12 
16 

250 
167 
125 

In  this  case  we  certainly  should  not  find  it  desirable  to  employ  less 

than  eight  poles,  since  even  with  eight  poles  we  have—  =  250,  a  rather 

high  value.  For  high  speeds  it  becomes  inevitably  necessary  to  em- 
ploy still  higher  values  for  the  amperes  per  pole;  but  for  low  speeds, 
where  we  have  more  freedom  for  choice,  200  amperes  per  pole  is  not 
willingly  exceeded.  From  the  8-pole  group  of  curves  in  Fig.  248, 
we  find  that  the  500-kw.  line  cuts  curve  e  (10,000  armature  ampere 
turns  per  pole)  at  X^  =  45.  The  experienced  designer  knows  that 
this  is  an  undesirably  high  armature  strength  for  a  machine  of  so 
small  a  capacity  as  500  kw.  But  let  us  nevertheless  take  the  design 
into  consideration,  together  with  the  12  and  16-pole  designs  which 
have  more  satisfactory  properties. 

Ivnowing  the  amperes  per  circuit  — ,  we  obtain  T,  the  number  of 
turns  per  pole  (which  is  also  the  number  of  turns  in  series  between 
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brushes),  by  dividing  the  armature  strength  in  ampere  turns  per  pole 

by  - .    With  one  turn  per  segment,  which  is  the  case  in  most  designs 

of  any  size,  T  is  also  equal  to  the  number  of  conmiutator  segments 
per  pole. 

With  these  explanations,  we  are  ready,  by  means  of  the  curves 
in  Fig.  248,  to  compile  the  schedule  in  Table  48  for  the  purposes 
of  a  preliminary  survey  of  the  characteristics  of  various  alternative 
designs.  From  amongst  these  we  must  endeavour  to  select  the  de- 
sign embodying  a  maximum  of  desirable,  and  a  minimum  of  unde- 
sirable, properties. 


TABLE   48. 

Alternaxiye  Tbial  Desiqns  for  a  Rated  Output  of  500-Kw. 

250  Volts. 


125  R.P.M. 


Armature  Ampere  Turns  per  Pole. 

6000 

eooo 

7000 

8000 

9000 

10,000 

3 
1 

1 

op 

Armature  diameter  (/>)  .... 

Gross  length  (X,) 

Pole  pitch  (r) 

Z>xa4-0.7r)      

Reactance  voltage 

Arm.  periph.  speed  (Sa) .... 
Com.  periph.  speed  (Sc)  .... 
Armature  turns  per  pole  (T)  .    . 

T 

::: 

::: 

170 

45 

67 

15,650 

3.5 

11 

3.33 

40 

0.67 

s 

1 

1 

Armature  diameter  (Z>)  .... 

Gross  length  (Jl,) 

Pole  pitch  (t) 

Dxa  +  0.7T) 

Reactance  voltage 

Arm.  periph.  spmd  {Sa)  .... 
Com.  periph.  speed  (Sc)  .... 
Armature  turns  per  pole  (T)  .    . 

.  .  . 

153 

56 

40 

12,850 

4.0 
10 

4.5 
86 

1.4 

178 

40 

.    47 

13,000 

3.4 

11.6 

5.25 

42 

0.85 

204 

32 

53 

14,100 

4.0 

13.3 

6 

48 

0.60 

ss 

r 

i 

1 

1" 

Annature  diameter  (D)  .... 

?r«4^.^ ::::::: 

Dx(3i+0.7T) 

Reactance  voltage 

Arm.  periph.  sprod  (8a) .... 

Com.  periph.  speed  (-Sc) 

Armature  turns  per  pole  (T)  .    . 

204 

32 

40 

12,240 

3.2 

13.3 

8 

48 

0.80 

238 

24 

47 

13,560 

2.7 

15.3 

0.3 

56 

0.51 

272 

18 

53 

14,050 

2.4 

17.5 

10.7 

64 

0.34 

S 

r 

Note.  —  The  peripheral  speeds  are  in  metres  per  second. 
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Other  things  being  equal,  it  is  desirable  to  have  a  machine  with 
magnet  cores  of  circular  cross  section,  a  low  reactance  voltage,'*'  a 
low  peripheral  speed  of  commutator,  and  a  low  Total  Works  Cost. 
The  low  peripheral  speed  of  commutator  must  not  be  purchased  at 
the  expense  of  undesirably  thin  commutator  segments.  There  ap- 
pears, however,  no  sufficient  reason  for  objecting,  even  in  large  ma- 
chines, to  segments  with  a  thickness  including  insulation,  of  not  less 
than  5  millimetres  at  the  surface;  and,  in  small  machines,  segments 
of  considerably  less  thickness  are  widely  employed,  and  with  advan- 
tage. 

For  preliminary  purposes,  the  commutator  peripheral  speed  is  esti- 
mated on  the  assumption  that  the  width  of  segment,  plus  insulation, 
at  the  periphery  of  the  commutator,  is  equal  to  5  millimetres.  Where 
this  thickness  leads  to  a  needlessly  low  peripheral  speed,  the  com- 
mutator may,  at  a  later  stage  of  the  calculations,  be  increased  in 
diameter  and  decreased  in  length. 

For  more  precise  determinations  of  the  reactance  voltage  we  must 
apply  a  correction  as  already  briefly  explained  on  page  337.  Thus,  let 
us  take  the  case  of  the  12-pole  6000  ampere  turn  design  of  Table  48. 
The  reactance  voltage  as  given  on  the  chart  for  D  «=  153,  X^  =• 
56,  and  a  rated  output  of  500  kw.  is  4.0  volts.  But  this  is  on  the 
assumption  of  a  design  with  150  armature  ampere  turns  per  centi- 
metre of  gap  periphery,  whereas  from  the  curve  in  Fig.  240,  some 
143  armature  ampere  turns  per  centimetre  of  gap  periphery  is  given 
as  representative  for  500  kw.  rated  output.  For  a  design  in  which 
we  retain  the  above  values  of  D  and  Xg  (i.e.,  153  and  56),  and  use 
this  representative  value  of  143  for  the  armature  ampere  turns  per 
centimetre  of  gap  periphery,  the  armature  strength  per  pole  is  in 
reality  only 

^  X  6000  -  5700, 
loO 

and  the  reactance  voltage  is  only 

5§  X  4.0  -  3.8. 

*  This  is  not  such  an  important  feature  of  an  interpole  machine  as  it  is  in  tba 
case  of  a  machine  without  interpoles,  except  in  cases  of  large  rated  outputs  at  extra 
high  speeds  where  the  reactance  voltage  must  in  any  case  be  very  high  and  where 
interpoles  cannot  be  relied  upon  for  ensuring  satisfactory  results. 
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Of  course  in  this  instance  it  would  be  an  utterly  misplaced  and 
futile  effort  at  exactness  to  apply  the  correction,  but  in  cases  where  we 
are  dealing  with  designs  for  much  smaller  rated  outputs,  —  take,  for 
instance,  a  machine  for  some  50  kw.  rated  output,  —  we  see  from  Fig. 
239  that  the  value  of  the  armature  ampere  turns  per  centimetre  of 
gap  periphery  is  more  of  the  order  of  115,  and  in  this  case  the  appli- 
cation of  the  correction  to  the  armature  strength  in  ampere  turns  per 
pole  and  to  the  reactance  voltage,  is  essential.  For  the  rating  taken 
to  illustrate  this  point,  i.e.,  for  a  design  for  a  rated  output  of  some 
50  kw.,  the  reactance  voltage  is  only  some  \ii',  i.e.,  some  77  percent 
of  the  value  read  from  the  charts.  Obviously,  the  application  of  this 
correction  is  an  exceedingly  simple  matter,  and  should  be  kept  in 
mind  for  ratings  materially  below  those  with  which  this  treatise  is 
chiefly  concerned. 

The  precise  estimation  of  the  Total  Works  Cost  is  a  matter  to  be 
treated  with  considerable  care,  but  for  purposes  of  rough  preliminary 
comparisons,  it  is  sufficient  to  take  the  Total  Works  Cost  as  propor- 
tional to  D  X  (^  +  0.7  t), 

where  D  =  diameter  at  air  gap  in  centimetres, 

^  =  gross  core  length  in  centimetres,    . 
T  =  polar  pitch  in  centimetres. 

This  quantity,  D  X  (^  +  0.7  r),  if  multiplied  by  a  factor  K,  which 
varies  for  different  types  and  sizes  of  machine,  gives  a  fair  approx- 
imation to  the  Total  Works  Cost.  For  the  purposes  of  a  preliminary 
study,  however,  we  may  neglect  K  and  compare  the  Total  Works  Cost 
as  expressed  in  terms  of 

DX  (>!, +  0.7t). 

At  the  time  of  the  preparation  of  a  schedule  such  as  that  in  Table 
48,  the  endeavour  should  be  made  to  avoid  entering  up  inevitably 
undesirable  designs.  The  remaining  instances,  i.e.,  those  which 
appear  likely  to  come  within  the  range  of  possible  usefulness,  are 
subsequently  compared,  and  a  convenient  means  of  carrying  out  this 
comparison  consists  in  plotting  such  a  series  of  curves  as  those  given 
in  Fig.  251. 

From  these  curves  we  see  that  the  Total  Works  Cost  is  the  least  with 
the  greater  number  of  poles,  with  a  moderate  diameter  and  with  low 
armature   strength.    The  8-pole  design    is  inferior  both  as  regards 
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Total  Works  CJost  and  commutation,  and  is  withdrawn  from  further 
comparison.  The  commutator  peripheral  speed  is  very  low  for  all 
the  designs,  being  11  metres  per  second  for  the  largest  diameter.  Tak- 
ing this  into  consideration,  we  should  at  a  later  stage  of  the  calcula- 
tion, substitute  a  thicker  commutator  segment  and  employ  a  shorter 
commutator  of  larger  diameter. 

The  12-pole  designs  as  compared  with  the  16-pole  designs  have 
somewhat  higher  reactance  voltage,  but  there  is  very  little  choice 
between  them  as  regards  Total  Works  Cost,  as  may  be  seen  from  Table 
48.  On  the  whole,  the  comparison  is  slightly  in  favour  of  the  16- 
pole  designs.    The  preferable  design  will  have  a  diameter  of  some 

230  centimetres  and  a  ratio  of  -^  of  0.60.  This  ratio  permits  of  em- 
ploying a  circular  diameter  of  magnet  core. 

In  the  course  of  working  out  this  design  more  in  detail,  it  may 
prove  desirable  to  depart  considerably  from  this  outline  —  indeed,  it 
is  usually  best  to  work  out  several  alternative  designs.  It  is  in- 
tended here  merely  to  indicate  a  method  of  arriving  at  a  reasonably 
sound  starting-point. 

A  12-pole  design  with  an  armature  diameter  of  200  centimetres,  is 
also  well  within  the  range  of  being  practicable,  for,  although  the  re- 
actance voltage  is  a  trifle  higher,  the  reduced  conmiutator  peripheral 
speed  is  so  low  on  the  reference  basis  of  5-milIimetre  segments,  that 
the  final  design  of  commutator  can  have  a  considerably  increased 
diameter  and  decreased  length.  Some  of  the  leading  data  of  these 
12  and  16-pole  designs  are  given  in  Table  49. 

TABLE  49. 

Leading  Data  of  12  and  16  Pole  Designs  for  500  Kw.  125  R.P.M. 
Continuous  Current  Generator. 


Number  of  poles 

D      

\ 

T.W.C 

Armature  a't's  per  pole     .    .  

Reactance  voltage      

Commutator  peripheral  speed  Sc  (5  mm.  sepjments) 


12 

16 

200 

230 

35 

27 

14,000 

13,300 

8,100 

6,700 

3.0 

2.8 

6 

9 

It  would  be  neither  necessary  nor  desirable  to  employ  interpoles 
in  either  of  these  designs. 
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It  is  thus  clearly  indicated  that  12,  14,  or  16  poles  and  some  6500 
to  8500  armature  ampere  turns  per  pole  in  any  one  of  these  three 

cases,  and  a  gap  diameter  of 
somewhere  between  200  cen- 
timetres for  the  12-pole,  and 
230  centimetres  for  the  10- 
pole  design,  are  the  general 
order  of  magnitudes  which 
should  be  employed  as  the 
basis  for  these  trial  designs. 
It  is  often  desirable  to 
take  two  or  more  of  the  best 
designs  with  a  given  number 
of  poles  and  also  for  different 
numbers  of  poles,  and  work 
them  out  more  m  detail 
before  determining  upon  the 
preferable  design.  However, 
for  an  extended  comparison 
of  a  great  number  of  different 
ratings,  it  is  often  impractic- 
able on  account  of  the  limited 
available  time,  to  thoroughly 
work  out  a  number  of  alter- 
native designs.  Under  such 
circumstances,  it  would  appear 
reasonable  in  this  instance  to 
select  the  16-pole  design. 

In  a  similar  manner  we 
have  prepared  schedules  for 
500-kw.  250-volt  designs  of 
125  (the  above  design),  250, 
500,  1000,  and  2000  R.P.M. 
and  corresponding  sets  of 
curves.  These  schedules  and 
curves  are  set  forth  in  Tables 
48  to  53  and  Figs.  251  to  255. 
Prom  a  perusal  of  these  schedules  and  of  Figs.  251  to  255  we  may 
prepare  Table  54  showing  the  leading  data  of  the  preferable  design 


1200C 

'I 

\ 

onflA 

I 

V 

\ 

^ 

*>fc 

4000 

^ 

^     ' 

■-C 

3000 

BC 

»          1000         laoo 

i 
1 

< 

y 

^ 

60 

,^ 

\^ 

40 
SO 
90 
10 

_> 

V 

r 

/ 

^ 

( 

/ 

J 

5( 

W           1000           IBOO 

1 
I 

20 
16 
12 
8 
4 

^ 

^ 

^ 

^ 

^ 

I 

^ 

^ 

<f 

« 

»           M 

«         Id 

M 

H 

1 

20 
16 
12 

8 

4 

\ 

\ 

\ 

! 

\ 

V 

<^ 

^ 

--< 

« 

0           1( 

«)          U 

00 

Abscissae  denote  Revs,  per  minute     1 

356 


CONTINUOUS  CURRENT  GENERATORS. 


for  each  speed.  In  Fig.  256  are  plotted,  in  terms  of  the  speed  in 
revolutions  per  minute,  the  leading  constants  for  the  500-kw.  250- 
volt  designs.  The  total  weights  plotted  in  the  lowest  curve  of  Fig. 
256  have  been  derived  by  means  of  the  data  given  in  the  curves 
of  Fig.  17,  Chapter  II. 

TABLE  50. 

Alternative  Trial  Designs   for  a  Rated  Output  op  500   Kw.  250  R.P.M. 

250  Volts. 


I 

§ 

I 

i 

I 


I 

i 

o 


8 
I 


Armature  diameter  (P)  .   . 

Gross  length  (^) 

Pole  pitcn  (r) 

i>X(>l,+0.7T) 

Reactance  voltage  .... 
Arm.  periph.  sp^  {Sa).  . 
Com.  periph.  speed  (Sc)  .  . 
Armature  turns  per  pole  (T) 


Armature  diameter  (£>)  .    . 

Gross  leiugth  (^) 

Pole  pitch  (t) 

DxA-\-0.7t)      

Reactance  voltage   .... 
Arm.  periph.  sp^  (Sa) 
Com.  periph.  speed  (Sc) 
Armature  turns  per  pole  (T) 


Armature  diameter  (D) 
Gross  length  (^)  .  .  . 
Pole  pitch  (t)  .  .  .  . 
Z>X(>t+0.7r)  .... 
Reactance  voltage  .  . 
Arm.  periph.  sp^  (Sa) 
Com.  periph.  speed  (Sc) 
Armature  turns  per  pole  (T) 


Armature  Ampere  Turns  per  Pole. 


6000.        6000.        7000.         8000.        9000.       10,000. 


170 

28 

33 

8600 

4 

21.5 

13.5 

40 

0.85 


153 

32 

40 

9200 

4.6 

20 

9 

36 

0.8 


204 

20 

39 

9800 

3.8 
26 
16 
48 

0.51 


120 

56 

47 

10,600 

6.5 
15 

4.7 
28 

1.2 


178 

24 

47 

10,000 

4.3 

23 

10.6 

42 

0.51 


238 

14 

46 

11,000 

3.7 
31 
19 
56 

0.31 


136 

40 

53 

10,500 

5.0 
17 

5.4 
32 

0.75 


204 

18 

53 

11,200 

4.0 

26 

12.0 

48 

0.34 


153 

32 

59 

11,200 

4.8 

19.5 

6.0 

36 

0.55 


Note.  — All  peripheral  speeds  are  in  metres  per  second. 
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TABLE  51. 

Al/TBRNATIVB    TbIAL    DESIGNS    FOR    A    RaTBD    OuTPUT   OF    SOO    Kw.    SOO    R.P.M. 

250  Volts. 


Armature  Ampere  Turns  per  Pole. 

6000. 

eooo. 

7000. 

8000. 

9000. 

to,ooo. 

1^ 

Armature  diameter  (D)    . 
Gross  lenirth  (>L)    .... 

89 

50 

46 

7300 

8.0 
23 

5.2 
21 

1.10 

102 

40 

53 

7800 

7.8 
26 

6.0 
24 

0.75 

114 

32 

59 

8300 

7.5 
30 

6.8 
27 

0.54 

i 

PolepitcE(T) 

RpantAn^A  voltfum  .    .    t    . 

1 

Ann.  periph.  speed  (Sa)   . 
Com.  periph.  speed  (Sc)    . 
Armature  turns  per  pole  (T) 

«D 

T 

ti 

Annature  diameter  (D)    .    .    . 
Gross  lemrth  (L)               ... 

102 

40 

40 

6960 

6.8 

27 

8 

24 

1.00 

120 

27 

47 

7200 

6.3 
31 

9.5 
28 

0.58 

136 

23 

53 

8160 

6.2 

35 

10.5 

32 

0.44 

170 

15 

66 

10,400 

6.0 
44 
12 
36 

0.23 

1 

1 

Pole  pitch  (t) 

Dxa+0.7T) 

Reactance  voltage 

Ann.  periph.  speed  (Sa)   .    .    . 
Com.  periph.  speed  (Sc)    .    .    . 
Armature  turns  per  pole  (T) 

T 

i 

Armature  diameter  (D)     .    .    . 
Gross  length  (>!,) 

127 

25 

33 

6100 

6.0 
33 
15 
30 

0.76 

153 

18 

89 

6900 

5.8 
40 
18 
36 

0.46 

179 

14 

46 

8200 

6.5 
47 
22 
42 

0.31 

1 

Pole  pitch  (t) 

Dx(^4-0.7r) 

6 

Reactance  voltaira      

1 

i 

3 

Ann.  periph.  speed  (Sa)   .    .    . 
Com.  periph.  speed  (Sc)    .    .    . 
Armature  turns  per  pole  (T)    . 

C4 

T 

Note.  — The  peripheral  speeds  are  in  metres  per  second. 
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TABLE  52. 

Alternative  Trial  Designs  for  a  Rated  Output  of  600  Kw.  1000  R.P.M. 

250  Volts. 


Armature  Ampere  Tnnn  per  Pole. 

5000 

0000 

7000. 

8000. 

9000. 

10,000. 

1 
§ 

1 

Armature  diameter  (Z>) 
Gross  length  (>!,)... 
Pole  pitch  (t)    .... 
2>X(3,+0.7t)  .    .    .    . 
Reactance  voltage   .    . 
Ann.  periph.  speed  {Sa) 
Com.  periph.  speed  (Sc) 
Armature  turns  per  pole 

T 

cr 

) 

68 

54 

53 

6200 

13.5 

35 

5.3 

16 

1.00 

75 

42 

58 

6200 

12.5 

39.5 

6.0 

18 

0.73 

85 
35 
67 
7000 
12 
44 
6.7 
20 

.52 

s 

1 

''IB. 

s 

I 

to 

Armature  diameter  (D) 
Gross  length  (X,)  .    .    . 
Pole  pitch  (t)    .    .    .    . 
2>X(>I,+0.7t)      .    .    . 
Reactance  voltage    .  . 
Arm.  periph.  sp^  (Sa) 
Com.  periph.  speed  (Sc) 
Annature  turns  per  pole 

z 

(T 

) 

76 

44 

38 

5300 

11.5 

40 

9.0 

18 

1.15 

88 

33 

46 

5800 

10.5 

46 

10.5 

21 

0.72 

102 

24 

52 

6100 

10.0 

52 

12.0 

24 

0.46 

114 

19 

59 

6800 

9.5 

60 

13.5 

27 

0.32 

s 

1 

i' 

1 

1 

00 

Armature  diameter  (D) 
Gross  length  (X,)  .    .    . 
Pole  pitch  (t)    .    .    .    . 
DX(;i,+0.7r)      .    .    . 
Reactance  voltage   .    .  . 
Arm.  periph.  speed  (Sa) 
Com.  periph.  speed  ((Sc) 
Annature  turns  per  pole 

T 

cr 

) 

102 

25 

40 

5500 

9.0 
53 
16 
24 

0.61 

120 
18 
47 
6100 
8.5 
62 
19 
28 

0.38 

136 
14 
53 
6900 
8.3 
71 
21 
32 

0.26 

Note.  —  The  peripheral  speeds  are  in  metres  per  second. 
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TABLE   53. 

Alternative  Trial  Designs  fob  a  Rated    Output  op  500  Kw.  2000  R.P.M. 

250  Volts. 


D 
8 


Armature  diameter  (D)  .    . 

Gross  length  {i^) 

Pole  pitcn  (r) 

Dx(;i^-f0.7T) 

Reactance  voltage  .  ... 
Ann.  periph.  speed  (Sa)  .  . 
Com.  periph.  speed  (Sc)  .  . 
Armature  turns  per  pole  (T) 


Armature  Ampere  Tonui  per  Pole. 


6000.        6000.        7000.        8000.        8000.       10,000. 


Armature  diameter  (D)  .    . 

Gross  lenffth  (>!,) 

Pole  pitcn(T) 

Dx0i,+0.7T) 

Reactance  voltage   .... 
Arm.  periph.  sp^  (Sa) 
Com.  periph.  speed  (Sc) .    . 
Armature  turns  per  pole  (T) 


64 
42 
34 
4225 
19 
67 
15 
15 

1.24 


76 
29 
40 
4330 
17 
80 
18 
18 

0.725 


60 
48 
47 
4860 
21 
63 
9.3 
14 

1.00 


22 
47 
4900 
16 
93 
21 
21 

0.47 


68 

m 

53 
4960 

19 

71 
10.7 

16 

0.68 


102 
16 
53 
5410 
15 
107 
24 
24 

0.30 


76 
28 
60 

5320 
18 
80 

12.0 
18 

0.47 


85 

67 
5950 

18 

89 
13.4 

20 

0.34 


Note.  —  The  peripheral  speeds  are  in  metres  per  second. 

TABLE  54. 

500-Kw.  250- Volt  Continuous  Current  Machines  for  Various  Speeds, 

Selected  Dimensions  from  Figs  261-255. 

.  (All  dimensions  in  Centimetres). 


Speed  in  Revolutions  per  Minate. 


Number  of  poles 

Frequency  in  cycles  per  second  (A'^) 

Armature  diameter  (D) 

Gross  core  length  (X,) 

Pole  pitch  (t) 

Z>X(;U+0.7t) 

D»x>l^ 

Armature  peripheral  speed  (Sa)    . 
Armature  ampere  turns  per  pole  . 

Current  per  circuit 

Tumsper  ix)le  (T) 

Number  or  commutator  segments 

Width  of  each  segment 

Commutator  peripheral  speed  (Sc) 

Reactance  voltage 

Total  weight  (metric  tons).    .    .    . 


126. 

250. 

500. 

1000. 

16 

12 

10 

6 

16.8 

25 

42 

50 

230 

170 

135 

95 

27 

26 

25 

29 

45 

44 

42 

49 

13,300 

9,800 

7,300 

5,900 

0.6 

0.6 

0.6 

0.6 

1,430,000 

750,0D0 

460,000 

260,000 

15 

22 

35 

60 

6,700 

6,600 

6,300 

7,300 

125 

166 

200 

333 

53 

40 

32 

22 

850 

480 

320 

132 

0.5 

0.5 

0.5 

0.5 

9 

10 

14 

11 

2.8 

4.3 

6.0 

11 

24 

15 

11 

8 

2000. 


4 
67 
70 
33 
55 
5,100 

0.6 

160,000 

72 

7,600 

500 

15 

60 

0.5 

12 

18 

6 


Note.  —  The  peripheral  speeds  are  in  metres  per  second. 
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The  leading  data  of  the  selected  500-kw.  250-volt  designs  for  rated 
speeds  of  125,  250,  500, 1000,  and  2000  RJ^.M.  are  set  forth  in  Table 
54.  Corresponding  investigations  have  been  made  of  designs  for 
500  kw.  rated  output  at  these  same  rated  speeds,  but  for  normal 
pressures  of  500  voUs  and  1000  volts.  Of  the  necessary  steps  m  the 
investigation  we  shall  here  merely  reproduce  the  groups  of  curves  in 
Fig.  257.  A  number  of  the  groups  of  curves  m  this  figure  are  iden- 
tical with  those  of  Figs.  251  to  255,  but  there  are  added  groups  of 
curves  relating  to  armature  and  commutator  peripheral  speeds  at  the 
two  new  voltages. 

The  data  in  Table  56  have  been  derived  from  a  study  of  the  curves 
in  Fig.  257,  selecting  the  most  suitable  design  for  each  rated  speed 
and  voltage. 

In  Fig.  259  are  brought  together  curves  showing  some  of  the  lead- 
ing data  of  these  fifteen  500-kw.  designs.  These  studies  have  been 
supplemented  by  similar  studies  for  250-kw.  and  1000-kw.  designs, 
and  the  leading  results  are  set  forth  in  Tables  55  and  57  relating  re- 
spectively to  the  250-kw.  and  1000-kw.  designs. 

Similar  curves  to  those  in  Fig.  259  have  been  plotted  from  Tables 
55  and  57,  and  are  given  in  Figs.  258  and  260. 
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CHAPTER    XV. 


A  SET  OF  PRELIMINARY  DESIGNS  FOR  CONTINUOUS  CURRENT 
GENERATORS  FOR  VARIOUS  RATED  OUTPUTS  AND  SPEEDS 
AND  FOR  THE  MOST  FAVOURABLE  VOLTAGES  FOR  THESE 
OUTPUTS. 

In  this  chapter  three  sets  of  designs,  each  ranging  from  low  to  high 
speeds,  have  been  roughly  worked  out  as  an  alternative  to  the  method 
employed  in  Chapter  XIV  and  partly  as  a  check  on  that  method, 
for  the  purpose  of  determining  the  consequences  of  varying  the  rated 
speed  of  continuous  current  generators  of  a  given  rated  output. 

The  designs  have  been  prepared  in  three  sets  as  follows: 


250  kw.    250    volte 


500  kw.     500  volts 


1000  kw.     1000  volte 


125  Revs. 

per  Minute 

250 

«       « 

500 

((       it 

1000 

u            tt 

2000 

It          tt 

13000 

tt          tt 

125  Revs. 

per  Minute 

250 

a           tt 

500 

It       It 

1000 

t<       (( 

2000 

((       (( 

2500 

{<       «< 

125  Revs. 

per  Minute 

250 

ti 

ti       It 

500 

<< 

tt      tt 

1000 

(( 

It      tt 

2000 

ti 

(t       t< 

The  designs  in  the  present  chapter  have  not  been  arrived  at  by 
employing  the  charts  given  in  Chapter  XIV,  but  have,  on  the  contrary, 
each  been  independently  workeii  out  by  a  process  of  successive  cal- 
culations. Of  course  the  principles  were  kept  in  mind,  but  instead 
of  consulting  the  charts  in  question,  the  designs  in  the  present  chap- 
ter were  evolved  independently  of  the  precise  assumptions  on  which 
the  charts  are  based.  While  this  is  a  much  more  laborious  plan  of 
procedure,  it  is  nevertheless  desirable  to  approach  dynamo  designing 
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undertakings  from 
various  standpoints. 
The  250-kw.  250-volt 
designs  are  first 
dealt  with.  In  all 
cases  except  where 
the  contrary  is  ex- 
pressly stated,  the 
dimensions  in  the 
tabular  specifications 
are  given  in  centi- 
tnetres. 

The  highest  speed 
in  each  case  corre- 
sponds to  a  suitable 
speed  for  direct  con- 
nection to  a  Parsons 
(i.e.,  Westinghouse  or 
Allis-Chalmers)  type 
of  steam  turbine. 
With  continuous  cur- 
rent generators  of 
large  rated  output 
and  low  voltage,  con- 
siderable diflSculty  is 
experienced  in  the 
design  of  a  suitable 
commutator,  owing  to 
the  extreme  length. 
This  question  is  dealt 
with  more  fully  in  a 
later  chapter. 

In  view  of  the  limi- 
tations imposed  by 
commutator  design, 
the  voltage  for  each 
set  of  designs  has  been 
taken  proportional  to 
the   output    in   kilo- 


FiG.  261.—  Outline  sketches  of  250-kw.  250-volt 

continuous  current  dynamos  for  rated  speeds 

ranging  from  125-3000  r.p.m. 
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Fig.  262.  —  Outline  sketches  of  500-kw.  500- 

volt  continuous  current  dynamos  for  rated 

speeds  ranging  from  125-2500  r.p.m. 


watts.  This  grading  of  the 
voltage  permits  of  less  unsat- 
isfactory results  as  regards 
commutator  dimensions.  The 
data  of  the  designs  are  set 
out  in  the  large  specification 
contained  in  Table  58.  Sets 
of  outline  sketches,  Figs.  261, 
262,  and  263,  on  which  the 
leading  dimensions  are  given, 
accompany  the  specification. 
In  Fig.  264  all  the  designs 
for  125,  250,  500,  1000,  and 
2000  R.P.M.  are  brought  to- 
gether on  a  single  chart, 
which,  however,  is  necessarily 
on  a  considerably  smaller 
scale.  Nevertheless,  it  has 
the  advantage  of  bringing 
out  more  clearly  the  relative 
dimensions  of  the  various 
designs  of  the  entire  group. 

Predetermination  of  the 
"  Total  Works  Cost."  —  On 
page  353  of  Chapter  XI V,  brief 
allusion  has  been  made  to  the 
question  of  the  estimation  of 
the  Total  Works  Cost.  Esti- 
mations  of  this  quantity  are 
usually  undertaken  by  the 
cost  department,  —  a  depart- 
ment in  no  way  associated 
with  designing  work.  The 
methods  used  are  somewhat 
cumbersome,  involving  the 
pricing  up  of  each  separate 
item  in  the  specification, 
before  a  reasonable  estimate 
is  obtained.      It  is  obvious, 
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therefore,  that  the  de- 
signer is  often  greatly 
inconvenienced  by  loss 
of  time  when  he  has 
to  depend  on  the  cost 
department  for  his  esti-  - 
mates  of  cost. 

In  order  to  obviate 
this  difficulty  as  far  as 
possible,  the  writers 
have  made  a  careful 
study  of  the  principles 
afifecting  the  Total 
Works  Cost.  They  have 
ascertained  that  the 
Total  Works  Cost  of  a 
machine  is  fairly  pro- 
portional to  the  product 
of  the  armature  dia- 
meter and  the  overall 
length  of  the  armature 
winding. 

The  Total  Works  Cost 
in  dollars  is  equal  to 

KXD  X{Xg  +  0.7r). 

The  value  of  K  varies 
somewhat  with  output 
and  speed,  and  also 
varies  with  different 
manufacturers  accord- 
ing to  their  workshop 
and  staff  facilities;  but 
we  are  not  concerned 
with  the  influence  of 
the  latter  consideration 
upon  the  value  of  K, 
as  the  method  of  esti- 
mating the  Total  Works 


FiQ. 263.— Outline  sketchea  of  lOOO-kw.  lOOO-volt 

continuous  current  dynamos  for  rated  speeds 

ranging  from  125-2000  r.p.m. 
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Cost  as  here  set  forth,  is  chiefly  of  value  for  comparative  purposes  of 
alternative  designs. 

For  a  given  output  and  speed,  K  is  fairly  constant  over  a  fairly 
wide  range  of  voltage,  the  extra  costs  involved  in  insulation  and  other 
details  of  the  higher  voltage  machines  being  compensated  for  by  the 
reduced  outlay  for  the  commutator. 

In  Fig.  265  are  plotted  values  of*  K  for  different  rated  outputs,  in 
terms  of  the  armature  peripheral  speed  in  metres  per  second.  For  a 
given  output,  K  is  fairly  constant  up  to  a  peripheral  speed  of  40 
metres  per  second,  but  when  this  value  is  exceeded,  K  increases  rap- 
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Fig.  265.—  Values  of  ^  K  *  in  the  formula  Total  Works  Gost 
in  dollars  -  K  X  D  X  (;i^  +  0.7  t). 


idly,  owing  to  increased  manufacturing  cost  and  restricted  choice  of 
material  suitable  for  withstanding  the  greater  centrifugal  forces. 

For  the  250-kw.,  600-kw,,  and  1000-kw.  designs,  contained  in  the 
preceding  specification,  the  necessary  constants  for  estimating  the 
Total  Works  C!ost  have  been  entered  up  in  the  last  few  lines. 

The  method  of  estimating  the  Total  Works  Cost  is  illustrated  (as 
applied  to  the  250  kw.  designs),  for  the  different  rated  speeds  in 
Figs.  266  to  269.  In  Fig.  266  the  values  of  D  X  (^1^  +  0.7  t)  are 
plotted  in  terms  of  rated  speed.  In  Fig.  267,  the  armature  peripheral 
speeds  in  metres  per  second  are  plotted.  In  Fig.  268,  values  of  K 
are  plotted  in  terms  of  the  raled  speed  from  the  values  of  K  which 
are  plotted  in  terms  of  peripheral  speed  in  Fig.  265. 
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Figs.  270,  271. —  Graphic  determination  of  effective  costs  and  effective 

weights  of  250-kw.  250-volt  continuous  current  d3mamos 

at  different  rated  speeds. 
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Curves  have  also  been  plotted  in  Fi^.  270  to  274,  showing  th^ 
effect  of  the  rated  speed  on  the  effective  weight  and  cost,  the  com^ 
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Total  weight  of  effective  material  in  kilograms  per  kilowatt,  Fig, 
270. 
Total  cost  of  effective  material  in  dollars  per  kilowatt,  Fig.  271, 
Reactance  voltage,  Fig.  272. 

Armature  heating  in  watts  per  square  decimetre.  Fig.  273. 
Full  load  efficiency.  Fig.  274. 


In  the  large  charts  of  Fig.  275  and  276  are  brought  together  not 
only  a  number  of  the  curves  relating  to  the  250-kw.  designs  (which 
have  abeady  been  given  in  Figs.  269  to  274),  but  also,  (in  the  second 
and  third  horizontal  rows),  the  corresponding  data  for  the  500-kw. 
and  the  1000-kw.  designs. 

It  cannot  be  too  strongly  impressed  upon  the  reader  that  none  of 
the  designs  of  these  groups  are  to  be  regarded  as  more  than  super- 
ficial and  preliminary.  It  is  true,  a  large  amount  of  time  has  been 
devoted  to  their  preparation;  nevertheless,  no  experienced  designer, 
when  in  receipt  of  a  requisition  for  a  design  of  some  specified  rating, 
sends  off  any  design  he  may  chance  to  have  amongst  his  notes,  al- 
though he  may,  and  often  does,  take  such  a  design  as  a  rough  trial 
basis  from  which  a  final  design  is  only  evolved  after  days  or  weeks  of 
detailed  work. 

Taken  with  these  distinct  qualifications,  however,  this  large  group 
of  designs  is  of  considerable  use,  but  the  main  purpose  of  its  prepara- 
tion has  been  to  obtain  a  broad  view  of  the  varying  influence  of 
the  two  main  factors  of  rated  speed  and  rated  output,  and  of  the 
third  and  hardly  less  important  factor  of  rated  voltage. 


,  CHAPTER  XVI. 

A  COMPARATIVE  STUDY  OF  THE  DESIGNS  SET  FORTH  IN 
THE  TWO  PRECEDING  CHAPTERS. 

The  data  of  the  designs  which  we  have  described  in  Chapter  XV. 
permit  of  determining  roughly  the  most  economical  rated  speed, 
with  due  regard  to  satisfactory  operation  and  general  reliability,  for 
continuous  current  dynamos  of  any  reasonable  output  and  voltage. 
In  such  determinations  due  regard  must  be  paid  to  arriving  at  a 
compromise  between  cost,  efficiency,  commutation,  thermal  consider- 
ations and  general  reliability,  the  last  named  being  of  chief  importance. 

In  making  such  an  investigation,  in  order  to  readily  compare  the 
leading  constants  for  a  given  rated  output,  but  at  various  rated 
speeds,  considerable  assistance  may  be  derived  from  plotted  curves 
of  the  various  quantities  involved.  Let  us,  for  example,  endeavour 
to  ascertain  the  most  economical  speed  for  a  250-kw.  250-volt  con- 
tinuous current  generator.  In  Fig.  269,  of  Chapter  XV,  is  plotted, 
as  a  function  of  the  rated  speed  in  R.P.M.,  the  Total  Works  Cost  in 
dollars  for  generators  of  this  output  and  voltage.  The  minimum 
value  of  the  Total  Works  Cost  is  observed  to  occur  at  the  rated  speed 
of  1500  R.P.M.,  and  may  be  taken  as  some  $960. 

Fig.  271  shows  that  the  cost  of  effective  material  at  1500  R.P.M. 
amounts  to  some  $2  per  kilowatt.  The  cost  of  effective  material 
does  not  reach  a  minimum  value  on  the  curve  as  drawn.  Beyond 
a  rated  speed  of  1500  R.P.M. ,  however,  the  decrease  is  less  marked. 
Thus  the  total  cost  of  effective  material  for  the  250-kw.  250-volt 
dynamo  is  2.00  X  250  -  $500. 

The  total  weight  of  effective  material,  expressed  in  kilograms  per 
kilowatt,  reaches  its  minimum  value  at  2000  R.P.M.,  as  shown  by  the 
curve  in  Fig.  270.  The  weight  of  effective  material  for  a  250-kw. 
dynamo  at  a  rated  speed  of  1500  R.P.M.  (Fig.  270)  is  about  10  kilo- 
grams per  kilowatt,  hence  the  total  weight  of  effective  material 
amounts  to  250  X  10  =  2500  kilograms  =  2.5  metric  tons. 
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From  Fig.  272  it  is  seen  that  at  a  rated  speed  of  1500  R.P.M.,  a 
value  of  some  8  reactance  volts  is  obtained.  This  is  a  moderate 
value  for  an  interpole  machine  of  the  rated  output  under  considera- 
tion. 

The  armature  heating,  expressed  in  watts  per  square  decimetre  at 
the  rated  speed  of  1500  R.P.M.,  is  about  75  (from  the  curve  in  Fig. 
273).  This  value  need  not  lead  to  an  excessive  temperature  rise,  as 
with  an  armature  peripheral  speed  of  48  metres  per  second  (see  Fig. 
267)  an  excellent  circulation  of  air  may  be  maintained,  provided 
there  be  a  sufficiently  large  internal  diameter  of  armature  and  suffi- 
ciently numerous  ventilating  ducts  in  the  core.  The  armature 
peripheral  speed  is  48  metres  per  second. 

The  principal  constants  and  data  of  the  250-kw.  250-volt  machine 
at  the  most  economical  rated  speed,  namely,  1500  R.P.M.,  are  con- 
tained in  Table  59. 


TABLE    59. 

Technical  Data,  Including  Cost  and  Weight,   for  a  250-Kw.  250-Volt 

1500  R.P.M.  Machine. 


Total  Works  Cost  in  dollars 

Cost  of  effective  material  in  dollars  per  kw.     .    .    . 

Weight  of  effective  material  in  kg.  per  kw 

Armature  peripheral  speed  in  metres  per  second .    . 
Commutator  peripheral  speed  in  metres  per  second 

Reactance  voltage 

Watts  per  sq  dcm  of  armature  surface 

Efficiency  at  rated  load 


960 

2.00 
10 
48 
26 

8 
76 
94% 


In  Table  60  some  of  the  leading  constants  have  been  deduced  for 
the  500-kw.  500-volt  machines,  from  the  curves  in  Figs.  275  and 
276. 

The  minimum  Total  Works  Cost  for  a  dynamo  of  500  kw.  rated  out- 
put, at  a  terminal  pressure  of  500  volts,  occurs  at  a  rated  speed  of 
about  1000  R.P.M. 
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TABLE   60. 

Technical  Data,  Including  Cost  and  Weight,  for  a  500-Kw. 
R.P.M.  Continuous  Current  Dynamo. 


500-Voi;t  1000 


Total  Works  Cost  in  dollars 

Cost  of  effective  material  in  dollars  per  kw.     .    .    . 

Weight  of  effective  material  in  kg.  per  kw 

Armature  peripheral  speed  in  metres  per  second .    . 
Commutator  peripheral  speed  in  metres  per  second 

Reactance  voltage 

Watts  per  sq  dcm  of  armature  surface      

Efficiency  at  rated  load 


.90 


2300 

1. 
12 
50 
30 

9 
85 
94.7% 


In  Table  61  similar  data  and  constants  have  been  deduced  from 
curves  in  Figs.  275  and  276  for  a  machine  of  1000  kw.  rated  output 
and  1000  tenninal  volts,  and  having  the  most  economical  speed.  In 
this  case  the  rated  speed  corresponding  to  the  minimum  Total  Works. 
Cost,  occurs  midway  between  500  and  1000  R.P.M.,  and  is  here 
taken  at  750  R.P.M. 


TABLE   61. 

Technical  Data,  Including  Cost  and  Weights,  for  a  1000-Kw. 
"750  R.P.M.  Continuous  Current  Dynamo. 


1000-VoLT 


Total  Works  Cost  in  dollars 

Cost  of  effective  material  in  dollars  per  kw.     .    .    . 

Weight  of  effective  material,  kg.  per  kw 

Armature  peripheral  speed  in  metres  per  second .    . 
Commutator  peripheral  speed  in  metres  per  second 

Reactance  voltage 

Watts  per  sq  dcm  of  armature  surface      

EflSciency  at  rated  load 


4200 
1.75 
11.5 
45 
30 
16 
85 
»5.2% 


The  most  economical  speeds  consistent  with  good  designs  for  these 
different  outputs  may  thus  fairly  be  taken  somewhat  as  follows: 

250  kw 1500R.P.M. 

500  kw 1000R.P.M. 

1000  kw 750R.P.M. 

The  steam  turbines  at  present  in  use  for  corresponding  outputs 
run  at  much  higher  speeds.  These  speeds  are  approximately  as 
shown  in  Table  62. 
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TABLE   62. 

Speeds  of  Dynamos  and  Turbines,  in  Revolutions  per  Minute. 


Kilowatts 
Output. 

Economical  Speed  of 

Continuous  Current 

Generator. 

Curtis  Type 
Turbine. 

Parsons  Type 
Turbine. 

250 

500 

1000 

2000 

1500 

1000 

750 

500 

2200 

1500 

1000 

750 

3000 
2500 
2000 
1250 

In  this  table  it  is  shown  that,  for  a  continuous  current  djmamo  of 
given  rated  capacity,  the  corresponding  economical  speed  is  approxi- 
mately equal  to  the  speed  of  a  Curtis  turbine  of  twice  the  rated  out- 
put. Hence,  where  direct  coupled,  steam  turbine  driven,  continuous 
current  sets  are  required,  an  obvious  plan  consists  in  employing 
two  dynamos  direct  coupled  to  one  turbine,  the  turbine  being  of 
sufficient  rated  output  to  run  the  dynamos  when  both  are  fully  loaded, 
and  to  meet  all  requirements  of  overload  during  the  specified  time. 

In  a  large  continuous  current  generating  station,  this  arrangement 
of  coupling  two  continuous  current  djmamos  on  one  turbine  shaft 
has,  amongst  other  obvious  disadvantages,  the  disadvantage  of  com- 
plicating the  switchboard  arrangements,  and  increasing  the  amount 
of  supervision  required  owing  to  the  larger  number  of  electrical  gen- 
erating units  employed. 

For  a  lighting  station  with  a  widely  varying  load,  the  increased  num- 
ber of  relatively  smaller  machines  can  be  turned  to  good  account  by 
improving  the  all-day  efficiency.  In  Table  63  are  set  forth  the 
efficiencies  of  250,  500,  and  1000-kw.  continuous  current  generators 
at  full,  half,  and  quarter  load. 


TABLE   63. 

Efpicienctes  op  Continuous  Current  Generators  at  Difperent  Loads. 


Full  Load. 

One-Half  Load. 

One-Fourth 
Load. 

250  kilowatt      

Per  Cent. 
94 

©4.7 
95.2 

Per  Cent. 
90 
92 
93.5 

Per  Cent. 
84 

500  kilowatt 

86 

1000  kilowatt      

88 
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Let  us  take  the  case  of  a  continuous  current  turbine  unit  with  a 
rated  output  of  1000  kw.  from  the  electrical  side.  Table  64  shows 
the  dynamo  efficiencies  of  two  sets  of  this  output,  employing  one 
dynamo  of  1000  kw.  rated  output,  and  two  dynamos  of  500  kw.  rated 
output  respectively. 

TABLE   64. 

Efficiencies  of  1000-Kw.  Continuous  Current  Turbo-Generator  Sets. 


Employing  Two 


Efficiency  at  full  load 
Efficiency  at  J  full  load 
Efficiency  at  J  full  load 


From  this  table  it  is  seen  that  the  efficiency  is  considerably  im- 
proved on  light  loads  by  using  the  turbine  set  with  two  dynamos. 
These  efficiencies  are  based  on  the  assumption  that  at  one  half  the 
rated  load  of  500  kw.  and  at  less  loads,  one  of  the  500-kw.  machines 
is  switched  out,  its  field  circuit  opened,  and  its  brushes  raised. 

Comparison  between  the  Designing  Methods  of  Chapters 

XIV  AND  XV. 

At  this  point  a  brief  outline  of  the  results  arrived  at  by  the  con- 
ventional methods  of  design  as  illustrated  in  Chapter  XV  compared 
with  the  preliminary  data  obtained  from  the  chart  in  Fig.  247  of 
Chapter  XIV,  will  be  of  interest.  The  simplest  way  to  compare  these 
two  different  methods  of  arriving  at  an  approximate  preliminary  de- 
sign, is  illustrated  in  Fig.  277,  where  two  sets  of  curves  are  plotted, 
a  full  line  set  and  a  broken  line  set.  These  represent  respectively 
the  designs  worked  out  by  ordinary  methods  and  brought  together  in 
Table  58,  and  those  worked  out  by  the  chart  method  and  entered 
up  in  Tables  55,  56,  and  57. 

The  values  of  some  of  the  more  important  data  have  been  plotted 
in  terms  of  the  rated  speed. 

On  the  whole,  the  curves  are  in  good  agreement  with  each  other, 
the  chief  differences  occurring  at  the  higher  rated  s|^eds.  Even  then 
the  differences  are  relatively  slight  in  amount. 
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Fig.  277. —  Curves  showing  in  comparison  the  technical  data  obtained  from  the 

designs  by  chart  method  in  Tables  55,  56,  and  57,  Chapter  XIV,  and 

designs  given  in  specification  in  Table  58  of  Chapter  XV. 
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This  comparison  of  results  affords  evidence  of  the  usefulness  of  the 
method  described  in  Chapter  XIV  as  a  ready  means  of  arriving  at  a 
sound  preliminary  design  for  a  continuous  current  dynamo. 

Having  thus  checked  and  justified  the  preliminary  method  set 
forth  in  Chapter  XTV,  it  is  proposed  to  fall  back  on  the  data  of  the 
45  designs,  some  of  the  leading  constants  of  which  have  been  set 
forth  in  Tables  55,  56,  and  57,  and  to  plot  some  of  this  data  in 
groups  of  curves.  This  has  been  done  in  Figs.  278  to  286,  relating 
respectively  to: 

Fig.  No.  Subject. 

278.  Reactance  voltage. 

Volts  per  segment. 
Commutator  peripheral  speed. 

279.  Total  Works  cost. 

Total  weight. 

280.  Armature  ampere  turns  per  pole. 

Flux  per  pole. 

Frequency  in  cycles  per  second.    . 

281.  Heating  constants. 

Armature  watts  per  square  decimetre. 
Commutator  watts  per  square  decimetre. 
Field  spools  watts  per  square  decimetre. 

282.  Commutator  dimensions. 

Diameter  at  surface. 

Overall  length. 

Width  of  segment  +  insulation. 

283.  Commutator  losses. 

PR  losses. 

Friction  losses. 

Total  commutator  losses. 

284.  Armature  losses. 

PR  loss. 

Core  loss. 

Total  armature  loss. 

285.  Total  losses  of  machine. 

Commutator  losses. 

Armature  losses. 

Field  losses. 

Friction  and  windage  losses. 

Total  losses  of  machines. 

286.  Efficiencies  at  full,  half,  and  quarter  load. 
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A  great  deal  of  valuable   infonnation   is   embodied  in  Figs.  278 
to   286,  and   they   will  bear  considerable   study,  which,  however. 
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Fig.  278.  —  Curves  showing  values  of  reactance  voltages,  volts  per  segment,  and 

commutator  f>eripheral  speeds  for  45  preliminary  designs  for  continuous 

current  generators  of  various  rated  outputs  voltages  and  speeds. 


could  not  be  rendered  appreciably  more  profitable  by  an3rthing  which 
could  be  said  in  the  text. 
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weight  in  kilograms  for  45  preliminary  designs  for  continuous  current 

generators  of  various  rated  outputs,  voltages  and  speeds. 
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Fig.  281.  —  Curves  showing  heating  constants  expressed  in  watts  per  sq.  dcm.  of  surface 
for  armature,  commutator  and  field  spools  for  45  preliminary  designs  for  continuous 
current  generators  of  various  rated  outputs,  voltages  and  speeds. 
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FiQ.  282.  —  Curves  showing  commutator  diameter,  length  of  segment  and  width 

of  segment  insulation  for  45  preliminary  designs  for  continuous  current 

generators  of  various  rated  outputs,  voltages  and  speeds. 
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Fia.  283. —  Curves  showing  values  of  brush  PR  loss,  brush  friction  loss  and  total 
commutator  loss  for  45  preliminary  designs  for  continuous  current 
dynamos  of  various  rated  outputs,  voltages  and  speeds. 
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Fig.  284.  —  Curves  showing  values  of  armature  PR  loss,  armature  iron  loss  and  total 
armature  loss  for  45  preliminary  designs  for  continuous  current  gener- 
ators of  various  rated  outputs,  voltages  and  speeds. 
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Fio.  285.  —  Curves  showing  values  of  armature  loss,  commutator  loss,  field  loss, 

friction  loss  and  total  losses  for  45  preliminary  designs  for  continuous 

current  generators  of  various  rated  outputs,  voltages  and  speeds. 
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FiQ.  286.  —  Curves  showing  values  of  full  load,  half  load  and  quarter  load  efficiencies 
for  45  preliminary  designs  for  continuous  current  generators  of 
various  rated  outputs,  voltages  and  speeds. 


CHAPTER   XVIL 

TROUBLESOME    RATINGS    AND  PROPOSALS  FOR  THEIR 

DESIGN. 

In  the  preceding  chapters  we  have  been  somewhat  restrained  in 
the  preparation  of  the  designs  by  the  adherence  to  certain  values  of 
output  coefficient,  peripheral  loading,  etc.  This  is  well  enough  for 
the  purpose  which  we  had  in  hand;  it  is,  in  fact,  only  by  the  elimi- 
nation of  certain  variables  that  the  remaining  variables  can  be 
successfully  handled  in  carrying  out  such  extensive  programmes. 
Moreover,  for  ordinary  ratings,  commercial  considerations  determine 
the  magnitude  of  the  permissible  output  coefficients,  and  sufficiently 
satisfactory  results  must  be  achieved  by  suitably  balancing  the  va- 
rious difficulties  and  without  greatly  exceeding  the  general  range  of 
outlay  imposed  by  competition. 

With  very  high  speed  ratings  for  large  outputs,  however,  where  no 
definite  competitive  basis  has  yet  been  established,  the  task  may 
sometimes  consist  in  obtaining  a  design  with  as  good  properties  as 
engineering  knowledge  permits,  and  with  nearly  or  complete  in- 
dependence of  consideration  of  the  outlay  involved. 

In  continuous  current  dynamos  designed  for  satisfactory  operation 
without  the  use  of  interpoles,  the  reactance  voltage  should  preferably 
not  exceed  2.5  volts,  and  in  most  cases  ought  to  be  well  below 
2.0  volts.  Hence,  when  designing  interpole  machines,  the  interpole 
must  be  so  proportioned  as  to  reduce  the  resultant  voltage  to  this 
value. 

The  design  of  interpole  machines  is  still  in  a  somewhat  crude  stage 
owing  to  lack  of  operating  experience  and  to  diversity  of  opinion  on 
various  points:  It  is  probable  that  interpoles  cannot  commercially 
be  designed  to  neutralise  the  reactance  voltage  with  a  greater  d^ree 
of  exactness  than  some  10  per  cent.  Therefore  machines  having  a 
reactance  voltage  of  20  volts  and  above,  may  when  furnished  with 
interpoles,  still  have  a  sufficiently  large  unneutralised  reactance  vol- 
tage to   occasion  sparking,  especially  with  the  high  commutator 
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peripheral  speeds  which  are  unavoidable  with  high  speed  djmamos. 
It  is  with  designs  of  this  description  that  we  propose  to  deal  in 
this  chapter. 

For  example,  let  us  study  the  case  of  a  1000-kw.  1000-volt  1000 
R.P.M.  continuous  current  generator,  the  details  of  which  were  given 
in  Table  58  of  Chapter  XV,  and  of  which  some  of  the  leading  constants 
are  repeated  in  column  A  of  Table  66  in  the  present  chapter.  A 
detailed  drawing  is  shown  in  Fig.  264  on  page  373.  The  reactance 
voltage  of  this  machine  is  20  volts;  and  although  this  value  is 
occasionally  exceeded  in  the  design  of  high  speed  continuous 
current  dynamos,  it  is  very  desirable  that  lower  values  should  be 
obtained. 

For  a  design  of  a  given  output  and  speed,  in  order  to  keep  the  re- 
actance voltage  to  the  lowest  possible  value,  the  armature  diameter 
should  be  chosen  as  high  as  is  consistent  with  mechanical  strength, 
and  the  field  should  be  made  as  strong  as  possible.  To  obtain  these 
conditions  a  rectangular  cross  section  of  magnet  core  should  be  uscm:1, 
equal  to  the  gross  length  of  the  armature  and  with  the  maximum 
practicable  width  at  right  angles  to  the  shaft,  thus  obtaining  the 
largest  flux  possible  for  a  machine  of  stated  dimensions.  \^Tien  this 
condition  of  strongest  practicable  field  is  obtained  for  a  machine  of 
given  output  coefficient  and  diameter,  the  reactance  voltage  can 
only  be  slightly  decreased  by  any  increase  in  Xg. 

In  the  formula  — 

Reactance  Voltage  ^'KxRxXgXFx  current  per  circuit, 

the  reactance  voltage  is  proportioned  to  ^  and  to  the  number  of  face 
conductors. 

Therefore,  if  we  increase  ^,  together  with  the  magnet  core  length 
parallel  to  the  shaft,  we  must  alter  ^  and  F,  in  inverse  proportion. 
Therefore  the  reactance  voltage  will  remain  practically  the  same, 
however  much  the  length  of  the  machine  be  increased,  except  for 
the  slight  decrease  due  to  the  change  in  the  value  of  K. 

In  the  1000-kw.  design  under  consideration,  the  armature  periph- 
eral speed  was  chosen  sufficiently  low  to  avoid  undue  mechanical 
stresses.  Even  at  this  diameter  the  reactance  voltage  could  be  re- 
duced from  20  to  16  volts  by  using  a  magnet  core  of  square  cross 
section  and  cramping  the  field  spools  somewhat.  This  modification 
in  the  1000-kw.  1000  R.P.M.  design  from  Table  58  of  Chapter  XV 
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Fig.  287.  —  Various  designs  for  a  1000  kw.  1000 

r.p.m.  1000  volt  dynamo,  with  various 

reactance  voltages. 


has  been  given  in  the 
second  column  of  Table 
66  (column  B). 

This  is  not  an  alto- 
gether satisfactory  so- 
lution of  the  diflBculty, 
as  the  closely  packed 
windings  (see  the  sec- 
ond design  in  Fig.  287) 
will  lead  to  increased 
heating,  and  besides, 
magnet  cores  with 
square  comers  are  sel- 
dom desirable. 

In  column  C  a  design 
has  been  prepared  to 
show  the  futility  of 
making  great  increases 
in  the  axial  length  of 
the  machine  with  the 
object  of  reducing  the 
reactance  voltage.  In 
this  design  the  arma- 
ture diameter  remains 
the  same  as  for  the 
designs  in  colunms  A 
and  B,  but  the  arma- 
ture gross  core  length 
and  the  corresponding 
width  of  the  magnet 
core  parallel  to  .  the 
shaft  are  increased 
from  50  to  80  centi- 
meters. Although  the 
core  has  been  increased 
by  some  60  per  cent  in 
length,  it  has  only  been 
possible  to  reduce  the 
reactance  voltage  from 
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16  to  15  volts,  while  the  average  volts  per  segment  have  risen 
to  a  very  high  value,  namely,  37  volts.  The  Total  Works  Cost  and 
the  total  weight  are  also  considerably  increased.  The  only  way  to 
substantially  reduce  this  reactance  voltage  will  be  to  increase  the 
armature  diameter,  thus  sacrificing  the  desirable  factor  of  moderately 
low  peripheral  speed. 

In  colunms  D  and  E  of  Table  66  the  two  designs  have  been  pre- 
pared with  armature  peripheral  speeds  of  68  and  89  metres  per  second, 
each  design  being  worked  out  regardless  of  cost,  but  with  the  object 
of  reducing  the  reactance  voltage  to  as  small  a  value  as  possible. 

It  has  thus  been  reduced  to  a  value  as  low  as  9.0  volts  in  the  last  de- 
signs, but  not  without  radical  changes  in  some  of  the  other  constants.  • 

The  most  important  data  consequent  upon  these  changes  have 
been  selected  from  Table  66,  and  are  shown  below  in  Table  65. 

TABLE  65. 

Leading  Data  of  Alternative  Designs  for  1000  kw.  1000  Volt  1000 
R.P.M.  Continuous  Current  Generators. 


A. 

B. 

C. 

D. 

£. 

Reactance  voltage 

Average  volts  per  segment  .    .    . 
Armature  peripheral  speed  .    .    . 

Full  load  efficiency 

Total  Works  Cost 

20 

18 

52 

95.5 

3800 

16 

23 

52 

95.2 

4000 

15 

37 

52 

94.7 

5200 

12 

28 

68 

94.8 

6600 

9.0 

36 

89 

92.6 

12,400 

Although  the  reactance  voltage  of  the  design  in  column  E  has  been 
jeduced  to  9  volts,  the  average  volts  per  segment  have  risen  to  a  very 
high  value,  and  would  certainly  increase  the  tendency  to  "flashing" 
round  the  commutator.  In  consequence  of  the  latter  consideration, 
and  also  of  the  extremely  high  armature  peripheral  speed,  this  design 
appears  the  least  practicable  of  the  series,  and  it  is  also  the  most 
expensive.  The  most  sound  design  is  probably  the  one  given  in 
column  D.  The  reactance  voltage  is  reasonably  low,  and  the  Total 
Works  Cost  is  not  excessive.  It  is  evident  from  the  data  given  in 
Table  66  that  for  a  machine  of  this  output  the  rated  speed  of  1000 
R.P.M.  is  too  high  for  a  really  satisfactory  machine. 

In  Chapter  XVI  it  was  shown  that  the  limiting  rated  speed  at  which 


898 


TROUBLESOME  RATINGS. 


it  was  thoroughly  practical  to  obtain  a  genuinely  satisfactory  con- 
tinuous current  generator  for  this  voltage,  and  rated  output,  is  some 
750  R.P.M. 


TABLE   66. 

Alternative  Designs  for  1000  kw.,  1000  Volts,  1000  R.P.M.  CoNnNUouB 
Current  Generators. 


General 

Rated  output kw. 

Voltage volts 

Speed R.P.M. 

Number  of  poles 


cms, 
cms, 


Armature 
Diameter  (D) 
Gross  length  (X,) 
Number  of  ducts 
Net  length  (Xn)  . 
Number  of  slots 
Number  of  face  conductors 
Turns  per  segment     .    .    . 
Peripheral  speed     .    .     Metres 
per  second 

Commutator 

Diameter  of  commutator  .    .    . 

Length  of  commutator     .    .    . 

Peripheral  speed  of  commutator 

Metres  per  second 

Field 
External  diameter  of  yoke,  cms. 
Width  of  yoke      ....  cms. 
Cross  section  of  pole  core 
Shape  of  magnet  core   . 
Length  of  air  gap  .    .    . 


Weights 
Weight  of  copper  ....  kgs. 
lammations  .    .  kgs. 
cast  steel  .    .    .  kgs. 
cast  iron    .    .    .  kgs. 
Total  weight  of  effective  ma- 
terial, tons 
Total  cost  of  effective  material, 
dollars 
Total  Works  Cost 

COEPnCIENTS 

Output  coefficient  ...... 

Ampere  turns  per  cm.  periphery 
Armature  ampere  turns  per  pole 
Reactance  voltage 
Average  volts  per  segment 
Efficiency  at  full  load    .    . 


A. 

B. 

C. 

D. 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

6 

6 

6 

6 

100 

100 

100 

130 

50 

50 

80 

40 

10 

10 

16 

8 

36 

36 

67.5 

29 

162 

132 

162 

212 

648 

528 

324 

424 

1 

1 

1 

1 

52.5 

52.5 

52.5 

68 

68 

58 

68 

60 

50 

50 

50 

50 

30 

30 

30 

31.5 

200 

200 

200 

240 

80 

100 

117 

70 

812 

1030 

1650 

1260 

Rect. 

Rect. 

Rect. 

Circ. 

0.7 

0.7 

0.7 

0.7 

1830 

1800 

1710 

1600 

1200 

1500 

2400 

2240 

1290 

1600 

2400 

2160 

6000 

7500 

9100 

8300 

10.3 

12.5 

15.6 

14.8 

3800 

4000 

5200 

6600 

2.0 

2.0 

1.25 

1.48 

170 

140 

85 

85 

9000 

7300 

4500 

6900 

20 

16 

15 

12.3 

18.5 

23 

37 

28 

95.5% 

95.2% 

94.7% 

94.8% 

1000 

1000 

1000 

8 


170 

40 

8 

29 

224 

448 

1 

89 


70 
46 

37 


290 

70 

1260 

Circ. 

0.7 


1710 

3300 

2680 

10,200 

17.9 


12,400 


0.86 

10.5 
356') 

9.2 

36 

92.6% 
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Were  it  not  for  the  fact  that  there  is  not  sufl5eient  room  for  the 
interpoles  between  the  main  poles,  the  design  in  column  B  of  Table 
66  would  probably  be  the  most  satisfactory  of  the  series.  In  order 
to  further  study  the  possibilities  of  designs  for  this  rating,  a  modi- 
fication of  the  interpole  arrangement  has  been  made.  The  main 
armature  core  of  design  A  of  Fig.  287  and  Tables  65  and  66,  has 
been  extended  at  the  end  farthest  from  the  commutator,  and  the 
interpoles  are  arranged  over  this  extended  core  on  an  independent 
magnet  system.  This  design  is  illustrated  in  Fig.  288,  and  the  lead- 
ing data  are  as  follows: 

General 

Rated  output  in  kilowatts 1000 

Voltage , 1000 

Speed R.P.M.  1000 

Number  of  poles 6 

Armature 

External  diameter  (D) cms.  100 

Gross  core  length  (Xg) cms.  50 

Number  of  ducts 10 

Net  core  length  (Xn) cms.  36 

Number  of  slots 204 

Number  of  face  conductors 408 

Turns  per  segment 1 

Peripheral  speed Metres  per  second.  52.5 

Commutator 

Diameter 58 

Length  of  segment 50 

Peripheral  speed Metres  per  second.  30 

.Field 

External  diameter  of  yoke 200 

Width  of  yoke 80 

Cross  section  of  pole  core sq.  cm.     1225 

Shape  of  pole  core  section Rectangular 

Radial  depth  of  air  gap cm.      0.7 

Weights 

Copper kgs.  1760 

Laminations kgs.  2200 

Cast  steel kgs.  1850 

Cast  iron kgs.  7500 

Total  weight  of  effective  material tons  13.3 

Total  cost  of  effective  material dollars  1800 

Total  Works  Cost dollars  5300 
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Coefficients 

Output  coefficient 1.5 

Ampere  turns  per  centimetre  of  periphery 110 

Armature  ampere  turns  per  pole 5700 

Reactance  voltage 16.5 

Average  volts  per  segment 29 

Efficiency  at  full  load 94.5 

-^though  in  this  design  it  appears  that  the  reactance  voltage  must 
necessarily  be  increased  by  the  greater  core  length,  nevertheless  as 
the  interpoles  are  not  crowded  between  the  main  poles  it  has  been 
possible  to  gain  the  following  advantages: 

(1)  Increased  pole  arc; 

(2)  Increased  cross  section  of  magnet  core  and  depth  of  shunt 
winding; 

(3)  Decreased  leakage  factor. 

Thus  by  taking  advantage  of  these  concessions  it  has  been  possible 
to  rearrange  the  interpoles  outside  the  main  poles  without  appreciably 
increasing  the  reactance  voltage. 

The  Total  Works  Cost  has  increased  from  $3800  to  $5300,  but 
this  extra  cost  will  be  justified  because  of  the  improved  features  of 
the  design,  viz.,  reasonably  low  reactance  voltage  with  an  armature 
peripheral  speed  not  exceeding  52  metres  per  second,  average  volt- 
age per  segment  not  excessive,  being  below  30  volts,  and  greatly 
increased  facilities  for  heat  dissipation,  especially  from  the  field 
coils. 

In  Fig.  289  a  proposed  method  for  the  suppression  of  sparking 
at  the  commutator  is  shown.  The  commutator  connections  are  ex- 
tended to  a  sufficient  length  to  permit  of  the  introduction  of  a  com- 
mutating  pole  or  tooth.  This  plan  is  shown  diagrammatically  in  the 
sketch  on  the  right  hand  side  of  Fig.  289.  At  the  moment  before  a 
short  circuited  segment  leaves  the  brush,  the  commutator  lead  cuts 
a  field  of  sufficient  strength  to  reduce  the  current  flowing  into  the 
brush.  Therefore  when  the  segment  passes  from  under  the  brush,  no 
current  will  be  flowing  in  the  commutator  lead,  and  sparkless  com- 
mutation will  be  obtained.  The  air  gap  between  the  pole  A  and  the 
core  must  be  as  short  as  practicable  in  order  to  prevent  fringing. 
This  method  is  put  forward  merely  on  account  of  its  interesting 
possibilities,  no  actual  experiments  having  been  made  as  to  its 
practicability. 
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Rotary  Converters  as  Substitutes  for  Speed  Reduction  Gear- 
ing. —  Realising  on  the  one  hand  the  inevitably  unsatisfactory  nature 
of  the  design  of  continuous  current  generators  of  very  large  capacity 
for  direct  connection  to  steam  turbines,  and  on  the  other  hand  the  diffi- 
culties attending  the  reduction  of  the  speed,  one  of  the  writers  made, 
in  the  year  1902,  a  proposal  which  may  be  described  as  an  electrical 
equivalent  of  a  mechanical  speed  reduction.  The  following  descrip- 
tion of  the  proposal  is  illustrated  by  the  diagram  in  Fig.  290.  While, 
as  we  have  seen,  large  continuous  current  generators  for  steam  turbine 
speeds  are  at  best  very  unsatisfactory,  large  alternators  with 
stationary  armatures  and  revolving  fields  may  be  designed  very  satis- 
factorily for  these  high  speeds.  Let  us  consider  the  case  of  a  1500 
horse-power  steam  turbine  running  at  1500  R.P.M.,  from  which  we 
wish  to  obtain  1000  kw.  of  continuous  current  at  550  volts.  The  pro- 
posal, as  applied  to  this  case,  would  consist  in  generating  50-cycle 
alternating  current  from  a  4-pole  direct  connected  polyphase  (say 
6-phase)  alternator  with  a  stationary  armature.  The  voltage  per  phase 
could  be  about  400  R.M.S.  volts.  The  current  is  taken  from  the 
alternator  to  the  six  slip  rings  of  a  1000-kw.  shunt  wound  rotary 
converter,  for  a  conmiutator  pressure  of  550  volts.  The  main  current 
from  the  commutator  of  the  rotary  converter  should  —  on  its  way  to 
its  load  —  excite  the  series  coils  of  a  small  (say  20  kw.)  exciter,  the 
armature  of  which  excites  the  revolving  field  of  the  main  alternating 
current  generator.  By  this  combination,  one  obtains  at  will  a 
1000-kw.  supply,  either  at  constant  voltage  or  over-compounded,  for 
automatically  increasing  the  voltage  with  the  load. 

As  the  rotary  converter,  used  as  here  described,  has  no  regu- 
lating function,  it  may  be  designed  as  cheaply  as  heating  and 
commutation  permit,  and  hence  is  free  from  the  objections 
which  exist  with  respect  to  the  use  of  rotary  converters  in  sub- 
stations. 

It  is  only  by  chance  that  50  cycles  is  used  in  our  example. 
It  is  used  as  the  lowest  periodicity  consistent  with  the  most 
satisfactory  design  of  the  alternator  corresponding  to  1500  R.P.M. 
and  4  poles  —  and  the  lowest  periodicity  is  the  most  favour- 
able condition  for  an  economical  and  satisfactory  design  of  rotary 
converter.  For  still  larger  capacity  turbines  and  lower  turbine 
speeds,  correspondingly  lower  periodicities  would  be  used.  More- 
over, there  is  in  such  a  case  no  purpose  in  adhering  to  standard 
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periodicities,  since  the  whole  group  of  apparatus  constitutes  in  the 
aggregate  a  continiums  current  generating  set. 

This  system  offers  Uttle  if  any  advantage  in  lower  cost  of  electrical 
apparatus,  over  slow  speed  generators,  but  it  enables  continuous 
current  to  be  generated  thoroughly  satisfactorily  from  large  high 
speed  steam  turbines,  and  hence  it  enables  advantage  to  be  taken  of 
whatever  superiority  turbines  possess  over  piston  engines  as  regards 
first  cost,  economy,  and  floor  space,  except  that  so  far  as  regards  floor 
space,  a  part  is  sacrificed  to  the  rotary  converter. 

Had  a  2-pole  25-cycle  alternating  current  generator  been  pro- 
posed in  the  preceding  description,  the  design  of  the  rotary  con- 
verter would  have  been  more  satisfactory,  but  the  alternating  current 
generator  would  have  been  a  much  less  satisfactory  machine  than 
can  be  designed  with  4  poles  for  50  cycles  and  the  required  output. 
It  is  a  question  of  balancing  the  difficulties  in  the  design  of  alter- 
nating current  generator  and  rotary  converter.  For  the  former, 
50  cycles  is  preferable  for  this  output  and  speed;  for  the  rotary  con- 
verter, 25  cycles  is  to  be  preferred.  On  the  whole,  it  seems  preferable 
to  employ  50  cycles  for  the  system  in  this  case. 

A  rough  trial  design  has  in  the  following  pages  been  worked  out 
for  a  1000-kw.  4-pole  6-phase  turbo-alternator  for  50  cycles  and 
1500  R.P.M.,  and  some  of  its-  regulation  curves  have  been  plotted. 

From  the  curves  of  ''excitation  regulation"  in  Figs.  292  and  293,  one 
sees  that  if  the  rotary  converter's  field  adjustments  are  so  made  that  the 
energy  absorbed  at  its  collector  rings  is  always  of  power  factor  equal 
to  0.95  (leading),  the  excitation  of  the  alternator  may  remain  con- 
stant at  5000  ampere  turns  per  spool,  in  which  case  constant  voltage 
will  be  obtained  at  the  rotary  converter  collector  rings  at  all  loads. 
It  will  be  better  to  adjust  the  power  factor  at  0.90  and  obtain  a  rising 
voltage  to  compensate  for  the  IR  drop  —  or  even,  if  desirable,  to 
over  compensate  and 'obtain  continuous  current  from  the  commu- 
tator of  the  rotary  converter  at  a  voltage  increasing  at  increasing 
loads. 

These  adjustments  may,  by  means  of  shunt  and  series  fields  (and 
a  diverter  shunt  around  the  series  field)  on  the  rotary  converter,  be 
readily  arranged  to  be  automatic.  Thus  the  exciter  may  be  dis- 
pensed with,  the  alternator  being  excited  from  the  commutator  of 
the  rotary  converter.  A  compound  winding  on  the  alternator  would 
require  a  stationary  field  and  rotating  armature,  which  is,  in  general. 
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almost  always  an  inferior  arrangement,  and  especially  so  at  steam 
turbine  speeds,  where  the  collection  of  large  currents  from  slip  rings 
should  be  avoided. 

It  may  be  thought  that  an  exciter  will  be  required  at  starting  up. 
This  is  not  the  case.  The  rotary  converter  may  be  thrown  on  while 
the  turbo-alternator  is  standing  still,  and  will  come  up  slowly  in  speed 
in  synchronism  with  the  turbo-alternator,  and  the  fields  of  both 
machines  may  be  built  up  from  the  remanent  magnetism  in  their 
S3rstems.  If  this  should  prove  msufficient,  there  might  be  a  mechani- 
cal or  electromagnetic  clutch  between  turbo-alternator  and  rotary 
converter,  so  that  the  latter  should  be  mechanically  run  up  part  way 
or  fully  to  its  rated  speed,  and  the  clutch  could  then  be  released. 

CALCULATIONS  FOR  CONTINUOUS  CURRENT  TURBO  GENER- 
ATING SCHEME  WITH  ROTARY  CONVERTER. 

General  Specification  far  AUemating  Generator. 

Number  of  phases 6  (two  3-phase) 

Output kw.  1000 

Terminal  voltage 400 

Speed R.P.M.  1500 

Frequency  per  second 50 

Number  of  poles 4 

Armature  Iron. 

Diameter  at  air  gap  (D) mm.  700 

Diameter  at  bottom  of  slots 776 

External  diameter 926 

Gross  core  length  Xg 800 

EflFective  core  length  Xn 600 

Number  of  slots 72 

Tooth  pitch  at  armature  face 30.6 

Width  of  slot 17 

Width  of  tooth  at  face 13.6 

Depth  of  slot 38 

Rotating  Field. 

Number  of  poles 4 

Pole  pitch  (t) 550 

Depth  of  air  gap 7.5 

Diameter  at  pole  face • .    .  685 

Peripheral  speed  at  pole  face 55  metres  per  second 

Depth  of  pole  arc 280 

Length  of  pole  parallel  to  shaft 800 

Breadth  of  pole  across  shaft 170 
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Armature  Winding.  — The  armature  winding  is  arranged  as  shown 
in  Fig.  290,  and  consists  in  reality  of  two  3-phase  delta-connected 
windings,  giving  six  terminals.  Each  winding  generates  full  voltage, 
400,  between  its  terminals,  the  current  in  each  of  the  limbs  A,  B, 
C,  etc.,  being  one  half  of  what  the  current  per  limb  would  be  if  the 
winding  were  a  single  3-phase  delta-connected  winding. 

For  a  single  3-phase  delta  connected  machine  the  current  would  be 
1,000,000      Q^^ 


amperes.      Hence  the   current   per  limb   for   the 


Turbo  Alternator. 


Rotaiy  Converter 


Fig.  290.  —  Diagrammatic  2-pole  representation  of  rotary  converter  scheme- 
for  a  continuous  current  turbo-generator. 


6-phase  arrangement  is  416  amperes.  The  total  number  of  slots 
is  72  (8  per  pole).  There  are  four  conductors  per  slot,  arranged 
two  by  two,  the  upper  pair  being  in  parallel,  and  belonging  to,  say, 
phase  A  (Fig.  290),  the  lower  pair,  in  parallel,  belonging  to  phase  A' 
(Fig.  290). 


Amperes  per  phase 416 

Amperes  per  conductor 208 

Dimensions  of  single  conductor — mm 15  X  6 

Section  of  single  conductor  —  sq.  cm 0.9 

Current  density  amps,  per  sq.  cm 231 
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For  the  purpose  of  calculating  the  armature  demagnetising  ampere 
turns,  consider  the  armature  as  a  3-phase  winding,  each  phase 
carrying  832  amperes.    Then  we  have 

Total  number  of  armature  conductors  —  4  X  72  —  288 

Number  of  conductors  per  phase 96 

Number  of  conductors  per  pole  and  per  phase 24 

Number  of  conductors  in  series  per  pole  and  per  phase 6 

Number  of  turns  in  series  per  pole  and  per  phase 3 

Armature  R.M.S.  ampere  turns  per  pole  and  per  phase  3  X  832  «  2496 

Resultant  ampere  turns  per  pole  for  three  phases  —  2496  X  2  \/2  —  7100 

The  magnetic  circuit  requires  5000  ampere  turns  per  pole  at  no  load 
for  400  volts. 

We  will  now  proceed  to  calculate  the  excitation  regulation  curves 
for  full  load,  half  load,  and  quarter  load  at  various  power  factors.* 
The  armature  inductance  may  be  estimated  at  0.0009  henry  per  phase, 
whence  the  reactance  is 

2  ;r  X  50  X  0.0009  =  0.283  ohm. 
At  full  load  current  the  reactance  voltage  is 
0.283  X  416  =  115  volts. 
The  interaction  of  the  other  phases  generally  increases  this  some- 
what, so  we  may  take  130  volts  at  full  load. 

Fig.  291  is  a  vector  diagram  representing  the  conditions.  In  this 
diagram:  — 

OC  is  the  current. 

4>  the  angle  corresponding  to  the  power  factor  of  the  external 

circuit. 
OV,  the  terminal  voltage,  =«  400. 
OR  the  reactance  voltage. 
For  full  load  current  of  416  amperes  per  phase  (6-phase)  we  have 

OR  =  130  volts. 
OV  =  400  volts  set  out  at  an  angle  4>  with  the  current  OC, 
6  is  the  angle  of  displacement  of  maximum  current  from  the 
mid  pole  face  position,  and  the  armature  demagnetisation  for 
any  power  factor  is  equal  to  the  armature  ampere  turns  per 
pole  X  sin  6,  and  for  full  load  =  7100  sin  0. 
The  no  load  field  ampere  turns  added  to  the  demagnetising  ampere 
turns  give  approximately  the  field  ampere  turns  required  for  any 

*  The  method  employed  in  this  instance  is  discussed  in  "Electric  Machine 
Design  "  by  H.  F.  Parshall  and  H.  M.  Hobart,  London,  1905. 
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given  conditions  as  to  load  and  power  factor.  In  this  way  we  have 
calculated  the  excitation  required  at  various  power  factors  from  zero 
to  unity  for  leading  and  lagging  currents,  firstly  for  full  load,  secondly 


Leading  Cuzisnt 


j^  Carrent 
FiQ.  291. —  Vector  diagram  for  alternating  current  generator. 

for  one  half  load,  and  thirdly  for  one  quarter  load.    These  results  are 
embodied  in  Tables  67,  68,  and  69,  and  from  them  we  have  plotted 


"" 

J 

££ 

iSl 

uow 

■^ 

'^ 

s 

10000 

\ 

H 

JF  J 

Md 

i«« 

\ 

r 

^ 

turn 

•to 

jt 

■^ 

v 

^ 

— 

-^ 

*v 

\ 

roi 

»d 

A 

I 

S  MOO 

s 

N. 

&  tooo 

\ 

>v^ 

■*■ 

— 

— 

— 

^ 

c 

■^^ 

N^ 

\ 

V 

— ■ 

N 

s 

0 

0. 

H 

i 

0 

0 

x^ 

8 

1 

0 

0 

8 

a 

0 

s 

4 

0 

trnH 

i 

Hit 

< 

"^ 

-tooo 

-«ooo 

_ 

_ 



_ 

,^_ 

___ 

^.^ 

.^ 

FiQ.  292.  —  Excitation  regulation  curves  for  1000  k.w.  alternator. 

in  Fig.  292  curves  showing  the  relation  between  excitation  required 
for  400  terminal  volts  at  full,  one  half,  and  one  quarter  full  load 
current,  and  the  power  factor. 
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Fia.  293. —  Excitation  regulation  curves  for  1000  kw.**  alternator. 
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From  these  curves  we  have  plotted  in  Fig.  293  a  set  of  curves  for 
various  power  factors,  connecting  amperes  output  and  excitation  for 
400  terminal  volts. 

From  the  curves  in  Fig.  292  it  is  apparent  that  if  we  have  a  load 
of  power  factor  0.95  with  leading  current,  the  alternator  will  regulate 
for  constant  terminal  voltage  at  all  loads  with  constant  excitation  of 
5000  ampere  tiu-ns  per  field  spool. 

In  the  case  that  the  entire  load  consists  of  a  rotary  converter  whose 
field  excitation  one  adjusts  once  for  all  by  suitable  shunt  and  series 
windings  to  make  the  current  input  leading  and  of  approximately 
0.95  power  factor  for  all  loads,  then  the  excitation  of  this  alternating 
current  generator  may  remain  constant  at  about  5000  ampere  turns 
per  spool,  and  the  system  will  automatically  maintain  400  volts  per 
phase  at  all  loads. 

As  the  object  in  view  would  generally  be  to  obtain  a  pressure  increas- 
ing slightly  and  automatically  with  the  load,  the  rotary  converter's 
spool  windings  would  generally  be  adjusted  for  a  slightly  lower  power 
factor  at  all  loads,  .say  0.90,  or  a  power  factor  decreasing  from  0.95 
at  light  loads,  to,  say,  0.85  at  full  load. 

Thus,  with  a  suitable  rotary  converter  the  terminal  voltage  of  this 
alternator  would  increase  in  proportion  to  the  load,  the  combined  set 
giving  out  continuous  current  at  a  constant  terminal  voltage  at  all 
loads,  or  if  necessary  a  voltage  increasing  with  the  load. 


TABLE    67. 

Estimation  of  "  Excitation  Regulation  "  Curves  for  400  Terminal  Volts 
AND  Full  Load  Current  (=208  Amperes  per  Conductor). 


Power 

Phase  of 
Current 
with 
Respect  to 
Terminal 
Voltage. 

Amperes 

Reac- 

Armature 
Reaction 

Phase  of 
Current 
with 
Respect  to 
Internal 
Voltage. 

Required 
Excitation 

Factor 

(COS*). 

per  Con- 
ductor. 

tance 
Voltage. 

Sin*. 

Sintf. 

in 
Ampere 
Turns. 

for  400 

Terminal 

Volts. 

0.00 

Lag 

208 

130 

l.CO 

1.00 

7100 

LfSff 

12,100 

0.50 

(( 

0.866 

0.925 

6550 

tt 

11,550 

0.70 

t( 

0.72 

0.83 

5900 

it 

10,900 

0.80 

<( 

0.60 

0.76 

5400 

tt 

10,400 

0.90 

It 

0.435 

0.64 

4550 

it 

9,550 

0.95 

it 

0.320 

0.56 

4000 

ft 

9,000 

1.00 

0.00 

0.31 

2200 

it 

7,200 

O.CO 

liCad 

0.435 

0.12 

850 

Lead 

4,150 

0.80 

(( 

0.60 

0.32 

2300 

tt 

2,700 

0.70 

It 

0.72 

0.49 

3500 

it 

1,500 

0.50 

If 

0.866 

0.74 

5250 

tt 

250 

it 

• 

1.00 

1.00 

7100 

It 

2,100 
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TABLE    68. 

Estimation  op  "  Excitation  Rboulation  "  Curves  for  400  Terminal  Volts 
AND  Half  Load  Current  (—104  Amperes  per  Conductor). 


Power 

Phase  of 
Current 
with 
Respect  to 
Terminal 
Voltage. 

Amperes 

Reac- 

Armature 
Reaction 

Phase  of 
Current 
with 
Respect  to 
Internal 
Voltage. 

Required 
Excitation 

Factor 
(cos*). 

per  Con- 
ductor. 

tance 
Voltage. 

Sin*. 

Sin  9. 

in 
Ampere 
Turns. 

for  400 

Terminal 

Volts. 

0.00 

Lag 

104 

65 

1.00 

1.00 

3550 

La« 

8550 

0.50 

7i 

tt 

tt 

0.866 

0.90 

3200 

« 

8200 

0.76 

It 

It 

It 

0.72 

0.78 

2750 

tt 

7750 

0.80 

it 

tt 

tt 

0.60 

0.69 

2450 

tt 

7450 

0.90 

tt 

tt 

tt 

0.435 

0.55 

1950 

it 

6950 

0.95 

u 

tt 

tt 

0.320 

0.45 

1600 

tt 

6600 

1.00 

tt 

tt 

0.00 

0.161 

470 

•  .  • 

5470 

0.90 

Lead 

tt 

tt 

0.435 

0.29 

1050 

Lead 

3950 

0.80 

11 

tt 

tt 

0.60 

0.48 

1700 

tt 

3300 

0.70 

ff 

tt 

tt 

0.72 

0.62 

2200 

ft 

2800 

0.50 

ti 

tt 

tt 

0.866 

0.81 

2850 

tt 

2150 

0.00 

tt 

tt 

tt 

1.00 

1.00 

3550 

tt 

1450 

TABLE   69. 

Estimation  of  "  Excitation  Regulation  "  Curves  for  400  Terminal  Volts 
AND  Quarter  Load  Current  («52  Amperes  per  Conductor). 


Power 
Factor 
(cos*). 

Phase  of 
Current 
with 
Respect  to 
Terminal 
Voltage. 

Amperes 
per  Con- 
ductor. 

Reac- 
tance 
Voltage. 

Sin*. 

Sin  9. 

Reaction 

in 
Ampere 
Turns. 

Phase  of 
Current 
with 
Respect  to 
Internal 
Voltage. 

Required 
Excitation 

for  400 

Terminal 

Volts. 

0.00 

Lag 

52 

325 

1.00 

1.00 

1780 

LsLg 

6780 

0.50 

ti 

(( 

tt 

0.866 

0.89 

1580 

tt 

6580 

0.70 

tt 

tt 

tt 

0.72 

0.75 

1330 

tt 

6330 

0.80 

tt 

tt 

It 

0.60 

0.66 

1170 

tt 

6170 

0.90 

tt 

tt 

tt 

0.435 

0.50 

890 

tt 

5890 

0.95 

tt 

it 

tt 

0.320 

0.39 

695 

tt 

5695 

1.00 

tt 

tt 

0.00 

0.08 

142 

tt 

5142 

0.90 

Lead 

tt 

tt 

0.435 

0.36 

640 

Lead 

4360 

0.80 

tt 

tt 

tt 

0.60 

0.54 

960 

(( 

4040 

0.70 

tt 

tt 

ft 

0.72 

0.67 

1200 

tt 

3800 

0.50 

tt 

tt 

tt 

0.866 

0.84 

1500 

tt 

3500 

0.00 

tt 

" 

tt 

1.00 

1.00 

1780 

tt 

3220 

CHAPTER  XVIII. 

CONSTRUCTION  OF  HIGH  SPEED  CONTINUOUS  CURRENT 

GENERATORS. 

Amongst  the  examples  of  alternating  current  generators  given  in 
Chapter  XI  some  designs  of  fairly  presentable  appearance  are  to  be 
found.  Continuous  current  turbo-generators  are,  however,  of  much 
less  satisfying  appearance.  In  designs  of  small  capacity  this  is  a 
consequence  not  only  of  the  disproportionate  commutator  dimensions, 
but  also  of  the  abnormal  dimensions  which  must  be  employed  for 
the  armature  and  field  design.  In  machines  of  large  capacity,  the. 
unsatisfactory  appearance  relates  chiefly  to  the  commutator  and  to  the 
collecting  gear,  and  is  consequently  more  accentuated,  for  a  pven 
rated  output  and  speed,  the  lower  the  voltage. 

In  Fig.  294  is  reproduced  the  outline  design  for  a  1000-kw.  1000 
R.P.M.  continuous  current  generator  for  a  pressure  of  1000  volts. 
Even  at  this  —  for  continuous  current  practice  —  still  unusual 
pressure,  the  length  of  the  commutator  interferes  with  the  other- 
wise fairly  attractive  appearance  of  the  design.  In  Fig.  295  are 
given,  one  above  the  other,  a  set  of  outline  sketches  for  this  same 
output  and  speed,  and  for  pressures  of  2000,  1000,  500,  250,  and  125 
volts.  These  are  all  proportioned  for  carbon  brushes,  and  for  a  heat- 
ing coefficient  of  70  watts  per  square  decimetre  of  commutator  surface. 

It  is  this  state  of  affairs  which,  in  addition  to  the  friction  diffi- 
culties attending  the  operation  of  carbon  brushes  on  commutators 
with  high  peripheral  speeds,  has  led  manufacturers  of  continuous 
current  turbo-dynamos  to  employ  either  compound  brushes  con- 
sisting of  copper  or  other  high  conductivity  material,  for  collecting 
the  main  current  and  pilot  brushes  of  high  resistance  for  dealing  with 
the  commutation,  or  else  graphite  brushes  permitting  of  fairly  high 
current  densities.  In  the  former  case,  and  assuming  that  freedom 
from  sparking  is  secured,  the  total  commutator  loss  may  be  reduced 
to  a  small  proportion  —  say  25  per  cent  —  of  the  amount  involved 
when  ordinary  carbon  brushes  are  employed.    In  the  latter  case 
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Fig.  295.  —  Outline  sketches  of  1000  kw.  1000  r.p.m.  continuous  current 
generator  with  commutator  dimensions  proportioned  for  various 
voltages  employing  ordinaiy  carbon  brushes.  * 


LENGTH  OF  COMMUTATOR.  415 

(i.e.,  that  in  which  graphite,  or  other  intermediate  grade  brushes 
are  employed),  there  is  a  fair  amount  of  evidence  accumulating,  to 
justify  estimating  on  a  total  loss  of  some  such  value  as  half  that 
incurred  with  ordinary  carbon  brushes. 

Since,  however,  the  ventilating  diflBculties  with,  long  commutators 
of  small  diameter  are  decidedly  serious,  so  high  a  specific  loss  as  70 
watts  per  square  decimetre  of  surface  is  generally  associated  with  a 
prohibitive,  or  at  any  rate  a  very  undesirably  high  temperature  rise. 
Hence  in  high  voltage  machines  it  is  desirable  to  take  up  any  advan- 
tage accruing  from  brush  improvements,  in  improved  operation  at 
lower  temperature  rise.  At  lower  voltages,  however,  the  length  of 
commutator  must  be  decreased  at  almost  any  sacrifice. 

Thus  for  the  set  of  machines  in  Fig.  295  the  use  of  improved 
brushes  should  not,  in  the  2000-volt  design,  be  accompanied  by  any 
modification  of  the  commutator  dimensions.  In  the  1000-volt  design, 
it  is  justifiable  to  decrease  the  length  by  10  per  cent;  in  the  500-volt 
design  by  20  per  cent,  and  in  the  250-volt  design  by  40  per  cent.  A 
125-volt  design  for  1000  kw.  at  1000  R.P.M.  should,  with  our  present 
knowledge  of  the  subject,  not  be  built. 

These  revised  designs  are  indicated  for  2000,  1000,  500,  and  250 
volts  in  Fig.  296.  The  2000  and  1000-volt  designs  are  now  fairly 
presentable,  and  the  500-volt  design  is  passable,  but  the  250-volt 
design  is  still  distinctly  hideous. 

Should  we  undertake  similar  comparisons  as  regards  somewhat 
larger  rated  outputs  at  this  same  speed,  the  250-volt  rating  would 
first  have  to  be  discarded,  and  at  still  larger  rated  outputs,  the  500- 
volt  rating.  Thus  it  is  only  for  very  small  rated  outputs  that  con- 
tinuous current  generators  for  steam  turbine  speeds  are  even  remotely 
sound  propositions.  It  should  not  be  necessary  to  reiterate  our 
recommendation  to  insist,  at  all  costs,  on  reduced  speeds  for  steam 
turbines  when  supplied  for  such  ill  advised  purposes  as  the  driving 
of  continuous  cuiTent  generators.  The  desirability  of  reducing 
this  speed  is  the  more  imperative,  the  lower  the  required  pressure. 
Our  experience,  however,  tells  us  that  but  very  few  engineers  will 
profit  by  this  advice.  The  great  majority  will  perversely  insist  on 
employing  steam  turbine  drive  for  precisely  this  class  of  work. 

Now  the  reduction  in  speed  increases  the  steam  consumption  of  a 
turbo-generator.  Hence  to  employ  steam  turbine  drive  in  a  con- 
tinuous current  generating  station  involves  the  use  of  many  units 
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each  of  small  rated  capacity,  and  these  are  uneconomical  units  even 
for  that  capacity.    The  lack  of  economy  is  still  greater  when  compared 
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with  that  of  the  sets  of  much  larger  rated  capacity  which  could  be 
employed  with  piston  engine  plants.  It  will  be  readily  seen  that  the 
steam  consumption  will  amount  to  from  25  per  cent  io  50  per  cent 
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more  for  such  a  turl)0  continuous  current  station  than  for  a  station 
equipped  with  a  few  piston  engine  sets^  each  of  large  capacity. 

Owing  to  the  need  for,  say,  twice  as  many  sets  for  a  given 
aggregate  capacity  when  steam  turbines  are  employed,  the  saving  in 
engine  room  floor  space  will,  contrary  to  the  customary  contention, 
be  by  no  means  marked,  and  the  boiler  room  will  have  to  be  much 
larger  than  for  the  steam  raising  equipment  which  would  suffice  for 
economical  piston  engine  plant.  It  is  hardly  necessary  to  allude  to 
the  greatly  increased  cost  for  condensing  plant  which  is  incurred 
when  turbine  sets  are  installed. 

Thus  while  steam  turbines  have  a  wide  field  of  usefulness  for  driv- 
ing alternators,  their  employment  for  continuous  current  sets  —  at 
any  rate,  pending  the  more  general  introduction  of  higher  continuous 
current  voltages  —  is  merely  one  more  instance  of  the  non-discrimi- 
nating attitude  of  the  majority  of  engineers.  They  must  be  either 
for  or  against  each  new  device.  They  cannot  see  that  each  has  its 
field  of  usefulness,  and  that  the  engineering  profession  is  the  richer 
as  the  result  of  the  wider  variety  of  systems  at  its  disposal;  they  must, 
on  the  contrary,  relegate  all  but  the  newest  fad  to  the  scrap  heap, 
and  introduce  this  newest  fad,  not  only  for  the  work  where  it  may 
be  used  to  good  advantage,  but  also  for  all  sorts  of  purposes  for  which 
it  is  inherently  inferior. 

In  our  investigations  in  the  preceding  chapters,  we  have  shown 
that  beyond  certain  limits,  it  is  necessary,  in  order  to  obtain  good 
commutation,  to  clei)art  from  the  ordinary  type  of  continuous  current 
dynamo  to  the  extent  of  introducing  interpolcs  or  some  special 
auxiliary  commutating  device.  It  was  thought  that  the  single 
departure  of  providing  interpolcs,  rendered  the  investigations  suffi- 
ciently complex  without  introducing  the  further  (luestions  as  regards 
the  particular  means  of  neutralising  the  reactance  voltage  and  other 
disturbing  influences  emanating  from  the  armature.  Otherwise 
expressed,  we  may  say  that  our  intention  has  been  that  the  interpolcs 
introduced  in  many  of  our  preliminary  designs  should  be  taken  as 
more  or  less  diagrammatic  indications  of  auxiliary  means  in  general. 
As  a  matter  of  fact  we  are  decidedly  of  the  opinion  that  for  a  large 
part  of  the  range  of  ratings  where  auxiliary  means  become  necessary, 
interpolcs  afford  the  most  expedient  method  of  providing  such  means. 
It  is,  however,  well  known  that  interpolcs  proportioned  on  the  lines 
we  have  described,  are  merely  sufficient  for  neutralising  the  reactance 
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voltage;  and  that  their  effect  in  neutralising  armature  distortion  is  too 
local  to  be  of  importance.  The  distorting  component  of  armature 
interference  must,  in  certain  designs,  also  be  neutralised. 

Opinions  diflfer  as  to  the  range  of  outputs  over  which  it  is  desirable 
to  endeavour  to  neutralise  the  armature  distortion.  In  view  of  the 
distinctly  objectionable  features  of  distributed  compensating  windings, 
of  the  very  considerable  additional  expense  involved  in  them,  and  of 
the  additional  thermal  disadvantages  introduced  by  these  windings, 
we  prefer  to  resort  to  them  only  in  the  case  of  ratings  where  the  results 
would  otherwise  be  unsatisfactory. 

There  is  but  scant  experience  with  designs  with  more  than 
some  20  to  30  average  volts  between  adjacent  commutator  segments. 
When  this  is  the  average  voltage,  the  maximum  voltage  may,  as  the 
result  of  distortion  of  the  flux  distribution  in  machines  without  com- 
pensating windings,  rise,  at  full  load,  to  some  45  to  60  volts.  Such 
values  promote  flashing  over,  and  justify  the  employment  of  distri- 
buted compensating  windings  so  proportioned  that  on  the  stator  side 
of  the  air  gap  a  magnetomotive  force  is  present  closely  conforming 
in  distribution  and  intensity  to  the  armature  magnetomotive  force, 
but  in  the  opposite  direction  and  consequently  neutralising  it.  In 
fact,  at  the  points  occupied  by  the  interpoles,  in  interpole  designs, 
means  are  provided  for  over-compensation,  in  order  to  obtain  the 
flux  required  for  neutralising  the  reactance  voltage  in  the  coils  short 
circuited  at  the  brushes. 

It  is  evident  that  the  compensating  winding  will  at  least  equal  the 
armature  winding  as  regards  weight  of  copper,  since  we  have  the  same 
number  of  turns  carrying  the  same  current,  and  that  the  loss  in  the 
compensating  winding  will  be  of  much  the  same  amount  as  the  ar- 
mature PR  loss.  Thus  we  have  a  substantial  addition  to  the  outlay 
for  material,  and  to  the  internal  loss  in  the  dynamo.  The  additional 
labour  cost  incident  to  the  use  of  distributed  compensating  windings 
is  by  no  means  inconsiderable.  Some  firms  abandon  salient  poles  and 
substitute  a  laminated  stator  in  which  the  field  windings  are  placed 
in  slots  distributed  over  the  inner  surface  of  the  laminated  core. 

The  reader  will  now  be  prepared  for  the  rather  heterogeneous  col- 
lection of  examples  from  practice  to  which  it  is  proposed  to  direct 
his  attention.  While  highly  ingenious  designs  are  everywhere  in 
evidence,  anything  approaching  elegance  in  appearance  is  conspicuous 
by  its  absence. 
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Fig.  297  is  of  interest  for  the  sake  of  comparison  with  modem 
designs.  The  figure  represents  the  armature  of  Parsons'  original  7.5- 
kw:  turbo-dynamo,  which  ran  at  the  abnormal  speed  of  18,000  R.P.M. 
The  armature  was  only  3  inches  in  diameter,  and  was  built  up  of  iron 
plates  placed  direct  on  the  shaft.    The  winding  was  on  the  surface, 


Fig.  297.  —  Armature  of  Parsons'  first  turbo-dynamo. 

and  was  retained  by  a  layer  of  steel  binding  wire  running  the  whole 
length  of  the  armature.  The  commutator  was  of  curious  construc- 
tion, consisting  of  a  number  of  cast  bronze  segments  alternating  with 
steel  dove-tail  rings  which  took  up  the  radial  stresses  over  the  entire- 


Fig.  298.  —  Armature  for  Oerlikon  200  kw.  220-250  volt  3000  r.p.m. 
continuous  current  generator. 

length.    The  peripheral  speed  of  the  commutator  was  57  metres  per 
second.    This  construction  was  adopted  by  Parsons  for  small  sizes. 

A  small  diameter  usually  permits  of  mounting  the  armature 
stampings  directly  on  the  shaft.  This  is  sometimes  advantageous 
from  the  mechanical  standpoint,  as  the  spider  is  dispensed  with. 
On  the  other  hand,  it  does  not  lend  itself  to  effective  ventilation. 
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Fig.  298  shows  a  typical  finished  armature  by  the  Oerlikon 
Company  for  a  200-kw.  machiae  at  3000  R.P.M.  and  220-250  volts. 
It  will  be  noted  that  the  armature  slots  are  not  wide  open,  but  have 
overhanging  tips  to  retain  the  conductors  against  centrifugal  force. 
The  commutator  segments  are  held  together  by  very  massive  steel 
rings.    The  field  frame  for  this  machine  is  shown  in  Fig.  299. 


Fig.  299.  —  Field  system  for  Oerlikon  200  kw.  220-250  volt  3000  r.p.m. 
continuous  current  generator. 


From  the  mechanical  standpoint,  it  would  be  preferable  to  employ 
half  closed  armature  slots,  or  even  tunnels,  but  this  is  not  in  accord- 
ance with  the  electrical  requirements,  as  the  inductance  of  the  coils 
would  be  increased,  and  also  former  winding  would  not  be  possible. 
Some  makers  use  a  half  closed  slot,  ss  in  Fig.  298,  with  a  longi- 
tudinal holding  strip  in  the  mouth  of  the  slots.     A  totally  open  slot 
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Fia.  300.  —  Method  of  holding  down  end 
connections  by  means  of  metal  end-bells. 


with  a  dove-tail  wedge  at  the  mouth  should  be  sufficient  for  retain- 
ing the  conductors.    In  some  cases  the  armature  is  bound  over  with 

steel  wire,  as  in  the  early  Parsons  machines. 
Either  of  these  methods  is  sufficient  for  the  conductors  in  the 

slots,  but  the  end  connections 
require  special  provision  to 
be  made.  The  two  methods 
in  common  use  are  firstly 
steel  binding  wires,  and 
secondly  the  use  of  cylindri- 
cal metal  covers  completely 
enclosing  the  end  windings. 
The  method  adopted  for 
keeping  the  end  connections 
in  place  is  not  shown  on  the 
armature  in  Fig.  298. 

The  first  mentioned  method 
is  illustrated  in  Fig.  294  for 
the  1000-kw.  machine.  The 
windings  bed  on  a  cylindrical 

drum,  and  are  bound  down  with  several  layers  of  wire,  heaped  up 

where  the  stress  is  greatest. 
Fig.  300  shows   windings  held    by  a  cylindrical  end-bell.    The 

material  for  the  end-bells  must  be  very  homogeneous,  and  should 

preferably  be  rolled  or  forged  rather 

than  cast.     It  is  here  that  steel  wire 

has  some   advantage.     The  material 

generally  used  for  end-bells  is  bronze, 

manganese  bronze,  or  nickel  steel. 
The    peripheral    speed    should    not 

exceed  100  metres  per  second  (20,000 

feet  per  minute)  as  an  outside  limit, 

and  it  is  preferable  to  keep  well  within 

this  speed.      In  fact,  we  rarely  find 

that    the    peripheral    speeds    of    the 

armatures  of  continuous  current  machines  already  in  operation  exceed 

80  metres  per  second.    The  average  speed  at  present  employed  is 

from  50  to  60  metres  per  second. 
Rg.  301  shows  a  method  adopted  by  the  Austrian  Union  Company 


Fia.  301.  — Method  of  reducing 

centrifugal  force  at  the  surface 

of  end  connections. 
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for  reducing  the  diameter  over  the  end  connections  by  bending  them 
down  radially,  and  thus  reducing  the  diametei'  and  stress  in  the  end- 
beU. 

Commutators.  —  Owing  to  the  high  peripheral  speeds  encountered, 
the  usual  form  of  commutator  construction,  employed  in  machines 
where  the  peripheral  speed  of  the  commutator  has  rarely  exceeded 
some  16  metres  per  second,  is  no  longer  adequate. 

The  peripheral  speed  of  the  conunutators  of  turbo-d3mamos  some- 
times exceeds  40  metres  per  second.  The  commutator  is  necessarily 
long,  and  the  high  centrifugal  forces  on  the  segments  would  lead  to 
their  bowing  outwards,  and  to  high  bars,  if  the  ordinary  construction 
with  dove-tail  clamping  rings  at  each  end  of  the  long  segment  were 
used. 


Fio.  302.  —  Sketch  showing  typical  high  speed  commutator  construction. 

In  some  cases  the  commutator  has  been  subdivided  longitudinally 
into  several  shorter  ones  by  cutting  the  segment  into  several  short 
lengths  with  a  dove-tail  clamping  ring  between  neighbouring  parts 
of  the  segments,  something  aft6r  the  style  of  the  early  Parsons 
commutator  already  shown  in  Fig,  297.  Such  a  construction  requires 
a  great  deal  of  machining,  and  is  consequently  expensive,  and  none 
too  satisfactory. 

A  principle  of  construction  which  is  now  very  widely  employed 
for  high  speed  commutators  is  shown  in  section  in  Fig.  302.  The 
centrifugal  forces  are  taken  up  by  steel  rings  a  shrunk  over  the  com- 
mutator and  insulated  therefrom  by  insulating  rings  6.  The  grooves 
c  turned  in  the  end-rings  afiford  a  place  for  the  application  of  bal- 
ance weights.  Having  in  view  the  wear  that  will  take  place  on  the 
commutator,  the  segments  should  be  strong  enough,  after  wearing 
down,  not  to  bulge  between  the  shrinking  rings.  To  this  end  it  is 
well  to  adhere  to  the  iiile  of  proportioning  the  segments  so  that 
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when  worn  to  about  one  half  their  original  depth  they  are  strong 
enough  to  resist  the  tendency  to  bend  and  are  still  of  sufficient 
cross  section  to  carry  the  current  without  overheating.  A  number 
of  grooves,  d,  in  the  segments,  serve  to  indicate  when  the  commutator 
is  worn  down  to  its  limit  and  needs  renewing. 

In  the  construction  of  these  commutators  the  segments  are  as- 
sembled, clamped  in  position,  and  the  holding  rings  shrunk  on  over 


Fig.  303.  Fig.  304. 

Figs.  303-304.  —  Methods  used  for  interlocking  commutator  segments. 

their  layers  of  mica.  The  commutator  is  now  a  self-contained  struc- 
ture and  is  readily  machined,  inside  and  out.  When  slipped  on  the 
shaft  it  is  held  up  on  to  a  taper  on  the  shaft,  s,  by  the  taper  collar,  e. 
A  commutator  constructed  on  these  lines  has  already  been  shown  in 
Fig.  298. 


Fig.  305.  —  Method  for  obtaining  improved  commutator  ventilation 
where  sufficient  diameter  is  obtainable. 


The  Brush  Company  use  an  additional  safeguard  in  their  commu- 
tators. This  consists  in  locking  each  segment  into  its  neighbour  by 
means  of  a  longitudinal  groove  in  the  next  segment.  The  segments 
are  drawn  to  the  section  indicated  in  Fig.  303,  which  diagrammati- 
cally  illustrates  the  idea.  Rg.  304  indicates  a  somewhat  similar 
method  which  has  been  employed,  and  which  was  invented  by  James 
F.  Burke. 
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In  Fig.  305,  a  means  of  ventilating  a  high  speed  commutator  is 
shown.  This  is  due  to  Messrs.  Siemens  Brothers.  This  construction 
requires  a  reasonably  large  internal  diameter.  The  commutator  is 
built  up  of  two  sets  of  short  segments,  which  are  connected  at  a  by 
copper  strips,  these  strips  being  of  less  width  than  the  commutator 
segment.  Thus  air  spaces  are  provided  between  each  connection,  and 
air  circulation  is  obtained  as  indicated  by  the  arrows  in  Pig.  305. 


Pio,  305. 


Figs.  306-307. 


f  Fig.  307. 

-  Ventilated  commutator  patented  by  Siemens  Bros., 
Dynamo  Works  Limited. 


In  machines  where  the  internal  diameter  is  limited,  this  scheme 
is  impracticable,  as  there  is  no  room  for  a  ventilating  channel  in  the 
commutator  spider.  Messrs.  Siemens  Brothers  Ltd.,  in  conjunction 
with  C.  M.  Toplis,  have  patented  a  scheme  of  commutator  ventilation 
which  provides  an  effective  means  of  cooling  commutators  where  the 
diameter  is  limited.  This  method  is  illustrated  in  Figs.  306  and  307. 
Each  commutator  bar  is  double  and  the  halves  are  formed  with  a 
longitudinal   passage   between   them   throughout  their  length,  and 
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through  these  passages  air  is  drawn  by  blades  attached  to  the  com- 
mutator at  the  middle  opening.  The  method  of  channelling  the 
segments  is  shown  in  Fig.  307  where  a  compound  segment  is  shown 
in  section. 


2  4  2  4 

Figs.  307  A  and  B.  —  Miles  Walker's  Commutator  Construction. 


Figs.  307  A  and  B  illustrate  a  new  construction  of  commutator 
patented  by  Miles  Walker  and  employed  by  the  British  Westing- 
house  Co.  This  type  of  commutator  embodies  the  advantages  of  shrink 
rings  for  retaining  the  segments,  and  also  avoids  vibration  of  the 
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brushes  due  to  radial  vibration  of  the  commutator.  The  working  faces 
of  the  commutator  are  in  several  vertical  planes  formed  by  providing 
large  U-shaped  recesses  in  the  commutator.  In  this  way  a  large  part 
of  the  loss  at  the  brushes  is  done  away  with  and  more  satisfactory 
commutation  is  obtained,  as  vibrations  due  to  the  eccentricity  of 
the  commutator  do  not  affect  the  working  of  the  brushes.  Two 
types  of  construction  are  shown  in  Figs.  307  A  and  B,  the  former 
with  the  shrink  rings  at  the  extreme  outer  periphery  of  the  com- 
mutator, and  the  latter  with  shrinking  bands  at  the  bottom  of  the 
recesses. 

Brown  Boveri  A  Co.'s  Contintjous  Current  Turbo- 
Dynamos. 

The  following  general  description  is  typical  for  the  majority  of 
Messrs.  Brown  Boveri's  continuous  current  turbo-dynamos. 

Armature  Cores.  —  The  core  plates  are  composed  of  special  quality 
annealed  iron  of  high  permeability  and  low  hysteresis  loss,  and  are 
insulated  one  from  the  other  by  thin  paper  sheets. 

Armature  Windings.  —  The  conductors  are  arranged  in  slots,  and 
are  held  in  place  by  hard  wood  wedges.  The  end  connections  are 
held  in  place  by  metal  caps  made  from  a  special  alloy  of  great  tensile 
strength. 

Commutator,  —  The  commutators  are  of  the  shrink  ring  construc- 
tion, the  rings  being  shrunk  over  solid  mica  bands  placed  at  intervals 
along  the  conmiutator.  In  the  small  designs  a  flexible  Connection 
is  provided  between  the  commutator  segments  and  the  armature 
conductors  by  means  of  short  lengths  of  cable. 

Field  System.  —  The  field  windings  are  distributed  in  slots  in  a 
manner  similar  to  that  employed  in  the  stator  of  an  induction  motor. 
The  windings  consist  of  two  distinct  parts,  namely,  the  usual  shunt 
winding  and  a  compensating  winding  in  series  with  the  main  circuit 

The  series  winding  is  arranged  at  one  half  of  the  polar  angle  in 
advance  of  the  shunt  winding.  A  reversing  field  is  produced  at 
the  point  of  commutation,  the  strength  of  which  is  proportional  to 
the  load.  This  series  compensating  winding,  being  equally  distri- 
buted around  the  exterior  of  the  armature,  also  prevents  distortion 
of  the  main  field  by  the  armature  field;  thus  the  machine  maintiains 
a  practically  constant  voltage  for  all  loads. 


Fxa.  308.  — Brown  Boveri  250  b 


roo  R.PJI.,  IfiO-Yolt  Turbo-Generator. 
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Excitation.  —  In  a  type  of  machine  employing  distributed  windings, 
where  it  is  required  to  run  two  or  more  dsmamos  in  parallel,  it  becomes 
necessary  to  separately  excite  the  shunt  field,  as  there  is  a  possibility 
of  a  machine  having  the  direction  of  its  field  reversed  causing  it  to 
run  as  a  series  motor  and  at  a  dangerous  speed.  These  machines  all 
have  a  separate  exciter  mounted  on  the  main  generator  shaft  outside 
the  main  bearing. 

Ventilation.  —  The  Brown  Boveri  patented  system  of  induced  ven- 
tilation is  employed  in  the  majority  of  their  machines.  The  two  ends 
of  the  machine  are  completely  enclosed  by  metal  covers.  The  cool 
air  enters  the  machine  from  under  the  bed  plate  at  the  coupling,  and 
is  drawn  along  ducts  parallel  to  the  shaft,  whence  it  passes  through 
the  ventilating  ducts  in  the  armature  core,  next  passing  through 
the  ducts  in  the  field  core  and  round  the  windings,  and  finally 
leaving  the  machine  by  the  chimney- shaped  opening  in  the  top 
of  the  case. 

Brushes.  —  Special  compound  carbon  and  metallic  brushes  are 
used.  These  are  referred  to  in  further  detail  in  Chapter  XIX. 
In  the  larger  sizes,  carbon  brushes  are  fixed  in  advance  of  the  main 
brushes,  the  object  being  to  prevent  flashing  with  heavy  overloads. 

A  study  of  some  drawings  and  photographs  of  these  machines  will 
be  of  assistance  in  explaining  the  general  principles.  In  Fig.  308, 
details  of  a  Brown  Boveri  continuous  current  high  speed  dynamo  of 
250-kw  2700  R.P.M.  150  volts  are  given.  Commencing  at  the  right 
hand  side  of  the  illustration  the  first  detail  encountered  is  the  sepa- 
rate exciter,  the  armature  of  which  is  mounted  directly  upon  the 
main  shaft.  A  small  extension  carries  the  commutator  spider.  This 
construction  is  sufficiently  rigid  to  carry  the  rotating  part  of  the 
exciter  without  the  addition  of  an  outside  bearing.  The  exciter 
brush  gear  is  carried  on  a  substantial  bracket  bolted  to  the  exciter 
yoke,  which  in  turn  is  fixed  to  the  main  pedestal.  Passing  from 
the  exciter  to  the  main  commutator  the  most  striking  feature  is  the 
substantial  size  of  the  brush  gear  and  the  shrink  rings. 

No  internal  ventilation  of  the  commutator  is  provided,  the  com- 
mutator losses  being  small  on  account  of  metallic  brushes  being  used. 
The  method  of  retaining  the  end  connections  by  means  of  metal  covers 
is  clearly  shown  in  the  section  through  the  armature  core.  In  the  end 
elevation,  on  the  left  hand  side  of  the  figure,  the  arrangement  of  the 
distributed  field  winding  is  indicated. 
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Fig.  309.  —  Field  frame  and  core,  without  windings,  of  a  135  kw.  Blown  Bcyvesi 
continuous  current  3000  R.P.M^  turbo-generator. 
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Fig.  310.  —  Field  frame,  core  and  windings,  of  a  135  kw.  Brown  Boveri 
continuous  current  3000  r.p.m.  turbo  generator. 
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The  principal  dimensions  of  this  250  kw.,  2700  R.P.M.,  150  volt 
machine  are  as  follows: 

Dimensions  in  Centimeters, 

Armature  diameter  (Z>) 52 

Gross  length  of  core  (X,) 37 

Total  length  over  armature  winding  (L) 70 

Number  of  ventilating  ducts 4 

Number  of  armature  slots 48 

External  diameter  of  frame 1 16 

Overall  length  of  machine 308 

Commutator  diameter      26 

Overall  length  of  commutator  segment 78 

Technical  Data 

Output  coefficient      0.93 

Armature  peripheral  speed meters  per  second      73 

Commutator  peripheral  speed meters  per  second  36 . 5 


Fig.  311.  —  Finished  armature  and  commutator  of  a  Brown  Boveri  135  kw. 
continuous  current  generator  at  3000  R.P.M. 

In  Fig.  309  the  four  pole  field  frame  and  core,  without  windings,  of 
a  Brown  Boveri  135-kw.  3000  R.P.M.  continuous  current  turbo-djmamo 
is  shown.  The  large  slots  will  contain  the  main  field  winding  (shunt), 
and  the  smaller  slots  the  series  compensating  winding. 

In  Fig.  310  a  similar  core  is  shown,  but  with  the  windings  in  place. 
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This  is  a  2-pole  machine,  the  main  field  coils  appearing  on  the  right 
and  left  hand  sides.  The  method  of  arranging  and  supporting  the 
end  connections  should  be  especially  noted. 

An  illustration  of  the  armature  of  the  135-kw.  machine  is  shown 
in  Fig.  311.  In  this  instance  binding  wire  is  employed  for  holding 
the  end  connections  in  place,  instead  of  metal  covers  such  as  are  used 
in  the  larger  size  machines. 

Particulars  of  a  Richardson  Westgarth  &  Brown  Boveri  ^-pole  lOOO-kw, 
bdO-voU  1250  R,PM.  Continuous  Current  Turbo-Generator. 

General.  —  This  machine  is  direct  coupled  to  a  Parsons  single 
flow  turbine  built  by  Messrs.  Richardson  and  Westgarth. 

The  dynamo  is  of  Messrs.  Brown  Boveri^s  standard  type,  with  a 
laminated  stator  having  reversing  teeth  and  Deri  windings.  The 
machine  is  totally  enclosed,  with  an  outlet  for  air  at  the  top.  The 
ventilating  scheme  consists  in  drawing  in  air  at  the  shaft  from  holes 
in  the  bottom  of  the  end  shields,  which  are  provided  with  baffles  to 
direct  the  air  into  the  centre  of  the  rotating  araaature.  The  air  passes 
up  the  armature  ducts  and  through  the  ducts  in  the  stator  core  which 
are  placed  opposite  those  on  the  armature  and  are  of  the  same  num- 
ber. Thence  it  circulates  through  the  stator  casing,  leaving  by  an 
outlet  about  60  cms.  by  30  cms.  at  the  top.  There  is  a  considerable 
draught  out  from  this  opening. 

The  overall  diameter  of  the  machine  is  about  6  feet.  The  genera- 
tor is  held  on  the  turbine  bed  plate  by  four  2-inch  bolts.  The  main 
brushes  consist  of  thin  sheet  copper  with  a  Morganite  graphite  pilot 
brush  in  front  of  every  alternate  copper  brush. 

The  machine  was  subjected  to  a  3  hours^  test  at  half  voltage  but 
with  2100  amperes,  which  is  1.17  times  the  full  load  current  of  1800 
amperes.  It  is  stated  that  the  brushes  required  no  shift,  and  that 
there  was  no  visible  sparking.  The  commutator  was  in  very  good 
condition  after  running.  It  is  stated  that  the  machine  will  stand  25 
per  cent  overload  without  brush  shift.  The  machine  was  quite  cool 
at  the  commutator  and  stator,  but  the  actual  temperature  rise  was 
not  given.    It  is  stated  that  the  rise  does  not  exceed  40  degrees  C. 

Speed  Regulation.  —  The  rise  in  speed  when  full  load  is  suddenly 
thrown  off,  is  stated  to  be 

7  per  cent  momentarily  and  2J  per  cent  permanently. 
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Fig.  312.  —  Armature  of  Richardson  Westgarth  <fe  Brown  Boveri's  1000  kw. 
550  volt  1250  R.P.M.  4-pole  continuous  current  turbo-generator. 


Fig.  313.  —  Richardson  Westgarth  &  Brown  Boveri  1000  kw.  1250  R.P.M. 
4-pole  continuous  current  turbo-generator. 
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Excitation.  —  The  machine  is  separately  excited  with  a  small 
exciter  mounted  on  an  extension  of  the  dynamo  shaft  beyond  the 
bearing.    The  rating  of  the  exciter  is: 

6  h.p.  6-pole,  100  volts,  38  amperes,  1250  R.P.M. 


The  armature  of  the  main  dynamo  has  a  diameter  of  about  1  metre 
and  a  gross  core  length  of  about  50  centimetres.  This  gives  a  peri- 
pheral speed  of  about  70  metres  per  second  and  an  output  coefficient 
of  1.54.    The  shaft  diameter  in  the  bearings  is  about  25  centimetres. 
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The  end  windings  are  retained  by  bronze  cylindrical  caps  about 
2J  centimetres  thick,  which  also  carry  radial  vanes  which  circulate 
the  ventilating  air.  At  the  commutator  end,  the  cylindrical  cap  is 
screwed  on  to  an  internal  spider  with  screws  spaced  at  intervals  of 
about  15  centimetres.  The  leads  to  the  conunutator  are  bent  round 
the  screws  at  places  where  they  occur. 

The  commutator  is  about  70  centimetres  diameter  by  90  centi- 
metres overall  length,  giving  a  peripheral  speed  of  about  30  metres 
per  second. 


Fig.  315.  —  Armature  of  a  1500  kw.  continuous  current  generator 
belonging  to  the  set  shown  in  Fig.  314. 

Brush  Gear.  —  The  brush  spindles  are  supported  at  the  bearing 
end  from  a  rocker  carried  on  the  bearing,  and  at  the  machine  end 
they  are  screwed  into  the  machine  end  cover.  There  are  4  spindles, 
each  carrying  12  brush  holders.  The  brushes  are  of  galvano  metallic 
foil  set  on  the  commutator  at  an  angle  of  about  30  degrees.  Every 
alternate  brush  has  a  pilot  brush  of  carbon. 

Stator.  —  The  stator  core  has  the  same  axial  length  and  number 
of  ventilating  ducts  as  the  armature.  The  field  coils  are  form 
woimd  and  are  contained  in  large  open  slots.  The  stator  also  carries 
a  series  winding  and  a  distributed  compensating  winding.    These 
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two  windings  are  laid  out  in  two  ranges  one  behind  the  other.  The 
conductors  consist  of  thick  copper  strip  let  into  semi-closed  slots 
and  secured  by  wooden  wedges.  The  end  connections  are  bare  and 
are  put  on  after  the  bars  are  in  place. 

The  reversing  pole  consists  of  a  large  tooth  extending  the  whole 
length  of  the  armature.  The  end  portions  of  all  the  stator  windings 
are  bound  on  to  strip  iron  bridge  pieces  screwed  to  the  frame. 
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Fig.  316.  —  Curves  plotted  from  Table  70  showing  total  weight  of  continuoiis 

current  turbo  generators  in  terms  of  '^^o^^^^  X  fOQ, 
®  Revs,  per  mm. 

The  completed  armature  and  commutator  of  the  1000-kw.,  1250 
R.P.M.  turbo-dynamo  is  illustrated  in  Fig.  312.  The  complete  gener- 
ating unit,  turbine  and  dynamo  combined,  is  shown  in  Fig.  313.  This 
illustration  clearly  shows  the  substantial  construction  of  the  brush 
rocker  and  gear. 
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In  Fig.  314  a  steam  turbine  generating  set  installed  at  the  Rhenish 
Westphalian  Electricity  Works  at  Essen  is  shown.  The  steam  turbine 
is  of  10,000  h.p.  capacity  direct  coupled  to  a  5000-kw.  alternator  and 
a  1500-kw.  600-volt  continuous  current  generator;  the  speed  of  the  set 
being  1000  R.P.M.  The  outside  dimensions  of  the  set  are  as  follows: 
Total  length  18.5  metres;  breadth  3.0  metres;  height  2.6  metres; 
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Fig.  317.  ~  Curves  plotted  from  Table  71  showing  floor  space  required  by 
continuous  current  turbo  generators  of  various  outputs. 

total  weight  190  tons.    The  armature  of  the  1500-kw.  continuous 
current  generator  belonging  to  this  set  is  shown  in  Fig.  315. 

Messrs.  Brown-Boveri  have  standardised  their  continuous  current 
turbine  generators  up  to  a  rated  output  of  1250  kw.  In  Table  70, 
data  are  given  showing  the  relation  between  total  weight  and  the 
kilowatts  output  and  speed  for  the  standardised  continuous  current 
turbo-generators. 


WEIGHTS  AND  DIMENSIONS. 
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In  Table  71,  for  the  same  group  of  machines,  the  corresponding 
overall  dimensions  and  floor  space  in  square  metres  are  given. 

The  curves  in  Figs.  316  and  317  are  plotted  from  the  data  in 
Tables  70  and  71. 

TABLE   70. 

Approximate  Total  Weight    in  Metric    Tons  for  Brown  Boveri   &  Co.'s 
Standardised  Line  of  Continuous  Current  Turbo-Generators. 


120  VolU. 

240  Volts. 

660  Volts. 

Oat- 
put 
in 

S^^ed 
B.P.M. 

Kilo- 
watts 
per  100 
R.P.M. 

Approx. 

Weiglit 

in 

Tons. 

Out- 
put 
ill 
Kw. 

Speed 

in 
B.P.M. 

Kilo- 
watts 
per  100 
R.P.M. 

Approx. 

Weight 

iu 

Tons. 

Output 

in 

Kw. 

Speed 

in 
R.P.M. 

Kilo- 
watts 
per  100 
B,P.M. 

Approx. 
Weight 

in 
Tons. 

65 

90 

150 

200 

250 

3500 
3000 
3000 
2700 
2400 

1.85 

3.0 

5.0 

7.4 
10.5 

1.6 
2.1 
3.1 
4.1 
5.1 

65 
90 
150 
200 
300 
400 
500 

3500 
3200 
3000 
2800 
2600 
2300 
2100 

1.85 

2.8 

5.0 

7.15 

11.5 

17.5 

23.8 

1.55 

2.1 

3.15 

3.9 

4.4 

5.5 

7.2 

65 

90 

150 

200 

300 

400 

500 

650 

850 

1100 

1500 

1800 

3500 
3500 
3200 
3000 
2800 
2500 
2100 
1800 
1500 
1250 
1000 
900 

1.85 

2.6 

4.7 

6.6 

10.7 

16.0 

23.8 

36.0 

56.5 

88.0 

150.0 

200 

1.5 

2.0 

3.0 

3.75 

5.3 

6.9 

8.5 

11.0 

14.5 

18.5 

25.0 

30.0 

TABLE   71. 

Showing  the  Floor  Space  in  Square  Metres  Required  for  Messrs.  Brown 


Boveri  &  Co.'s 

Standardised 

Line 

OF  Continuous 

Current  \ 

?URBO- 

Generators. 

120  Volte. 

240  Volts. 

560  Volts. 

Out- 
put 
in 
Kw. 

Floor  Space. 

rju* 

Floor  Space. 

Floor  Space. 

Speed 

. 

Speed 

, 

Out- 

Speed 

. 

^i 

in 

•a  S 

.d  S 

iJ 

in 
Kw. 

in 

•d  S 

II 

C^' 

put  in 

In 

t^ 

B^ 

B.P.M. 

JS 
5 

R.P.M. 

a 

|5 

R.P.M. 

a 

It 

ll 

65 

3500 

2.6 

.75 

1.95 

65 

3500 

2.6 

.75 

1.95 

65 

3500 

2.46 

.75 

1.85 

90 

3000 

2.37 

.85 

2.5 

90 

3200 

2.97 

.85 

2.5 

90 

3500 

2.82 

.85 

2.4 

150 

3000 

3.27 

.90 

2.95 

150 

3000 

3.27 

.95 

3.10 

150 

3200 

3.12 

1.00 

3.12 

200 

2700 

3.58 

1.10 

3.95 

200 

2800 

3.68 

1.05 

3.80 

200 

3000 

3.25 

1.16 

3.8 

250 

2400 

3.78 

1.10 

4.15 

300 

2600 

3.64 

1.05 

3.80 

300 

2800 

3.58 

1.16 

4.2 

400 

2300 

3.78 

1.20 

4.55 

400 

2500 

3.81 

1.3 

4.9 

500 

2100 

4.06 

1.30 

5.30 

500 

650 

850 

1100 

1500 

2100 
1800 
1500 
1250 
1000 

4.2 

4.12 

4.80 

4.98 

5.29 

1.45 

1.5 

1.6 

1.85 

2.25 

6.1 
6.2 
7.7 
9.2 
12.0 

1800 

900 

5.64 

2.4 

13.5 
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QOO'Kw.  1500  R.P.M.  250-VoU  Continmus  Current  Turbo  Generator 
of  Siemens  Bros.  Dynamo  Works. 

Fig.  318  shows  a  generator  driven  by  a  Willans-Parsons  high 
pressure  steam  turbine.  The  generator  is  rated  at  500  kw.  on  230  to 
^50  volts  and  1500  R.P.M.  It  has  a  cast  steel  yoke  and  four  lami- 
nated main  poles.  Placed  between  these  are  four  commutating  poles, 
which  are  also  laminated,  and  are  provided  with  a  pair  of  laminated 


Fig.  318.  —  500  kw.  1500  r.p.m.  250  volt  continuous  current  turbo-generator 
built  by  Siemens  Bros.  Dynamo  Works. 

yokes  which  are  placed  on  each  side  of  the  main  yoke  thus  forming 
a  magnetic  system  which  is  completely  isolated  from  the  main 
magnetic  system  at  all  points.*  The  armature  is  of  the  slotted  drum 
type,  the  slots  being  provided  with  grooves,  which  receive  suitable 
wedges  for  holding  the  winding  firmly  in  place,  no  binding  wire  being 
used  on  the  core.  The  end  connections  of  the  winding  are  held  in 
place  by  steel  bands  and  manganese  bronze  covers.    The  commutator 

*  This  arrangement  with  independent  yokes  is  an  admittedly  undesirable  con- 
struction which  has  been  abandoned. 
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is  of  interest  owing  to  the  special  construction  necessitated  by  the  large 
current  of  about  2000  amperes  which  the  machine  has  to  supply,  and 
to  the  fact  that  carbon  brushes  are  used  throughout.  The  commu- 
tator has  five  cells,  the  middle  cell  being  used  solely  for  purposes  of 
ventilation  and  cooling.  It  is  stated  that  the  brushes  require  no 
alteration  in  position  with  changes  of  load,  and  that  the  machine 
runs  sparklessly  up  to  heavy  overloads.  The  wear  on  the  brushes 
is  stated  to  be  inappreciable. 

An  earlier  design  by  this  firm  has  been  described  in  The  Electrician 
for  April  6,  1906,  and  is  accompanied  by  outline  drawings  reproduced 
in  Fig.  319.  The  machine  is  for  a  rating  of  750  kw.  and  500  volts 
at  a  speed  of  1600  R.P.M.  Two  of  these  machines  were  installed  at 
the  Dickinson  Street  station  of  the  Manchester  Electricity  Works. 
They  were  supplied  with  a  series  winding  in  addition  to  the  shunt 
winding,  so  that  they  might  be  used  on  the  lighting  or  traction  circuits. 
As  shunt  machines  they  were  intended  to  supply  1870  to  1670 
amperes  at  400  to  450  volts,  and  as  compound  machines,  up  to  1360 
amperes  at  500  to  550  volts. 

As  will  be  seen  from  Fig.  319,  which  shows  the  machine  in  end 
elevation  and  part  section,  the  armature  stampings  were  mounted 
directly  on  the  shaft,  without  any  separate  core  centre.  The  core  was 
divided  into  six  equal  sections  by  means  of  five  ventilating  ducts  each 
6.5  mm.  wide,  to  which  the  air  was  supplied  through  axial  channels 
formed  by  holes  stamped  in  the  plates,  the  radial  vents  being  made 
by  spacing  the  plates  by  brass  distance  pieces.  The  winding  was  re- 
tained in  the  slots  by  means  of  fibre  wedges,  fitted  into  notches  at  the 
top  of  the  teeth,  and  no  binding  wire  was  employed.  Bronze  core  ends 
supported  the  bent  portions  of  the  coils,  which  were  retained  in 
position  by  substantial  coned  shields  of  manganese  bronze,  carefully 
machined  all  over. 

The  copper  bars  were  held  in  against  centrifugal  force  by  steel 
rings  shrunk  on.  The  rings  were  insulated  from  the  copper  by  thick 
rings  of  mica.  Carbon  brushes  were  used,  and  the  commutation  has 
been  stated  to  have  been  good.  There  was,  however,  a  tendency  to 
flash  over  at  the  brushes,  which  Messrs.  Siemens  were  at  the  time 
sanguine  of  overcoming  by  the  use  of  a  new  design  of  brush  gear 
and  by  the  addition  of  insulating  shields. 

The  magnet  yoke  was  of  cast  iron,  split  approximately  horizontally 
to  allow  of  the  armature  being  readily  taken  out.     A  slight  departure 
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from  the  horizontal  was  necessitated  by  the  position  of  the  auxiliary 
poles,  as  indicated  in  the  illustration.  The  main  poles,  which  were 
laminated^  were  bolted  to  the  yoke,  and  the  pole  shoes  consisted  of 
iron  castings  embracing  the  stampings  and  secured  to  them  by  rivets. 

The  auxiliary  poles  belonged  to  an  entirely  distinct  magnetic  system 
as  shown  in  the  drawing,  comprising  a  separate  yoke  and  four  poles. 
This  yoke  was  made  up  in  two  rings,  rather  less  in  diameter  than  the 
main  yoke:  and  the  poles,  which  had  the  same  length,  measured 
along  the  axis  of  the  machine,  as  the  main  poles,  and  laminated,  pro- 
jected into  the  space  between  the  main  poles.  They  were  excited  by  a 
winding  in  series  with  the  armature,  so  designed  as  to  give  a  revers- 
ing field  of  correct  strength  for  commutation.  The  commutation 
magnetic  system  was  not  saturated,  and  therefore  the  flux  was  prac- 
tically proportional  to  the  load  on  the  machine,  and  no  change  in  the 
position  of  the  brushes  was  expected  to  be  required  for  varying  loads. 

The  field  coils,  both  on  the  main  and  auxiUary  poles,  were  former 
wound  and  were  heavily  insulated  with  tape.  A  diverter  rheostat 
was  provided,  by  means  of  which  a  portion  of  the  main  current 
flowing  round  the  commutating  poles  could  be  shimted,  so  that  a 
certain  amount  of  adjustment  could  be  made  of  the  relative  strength 
of  the  conmiutating  flux  to  ensure  the  best  results. 

Dimensions  and  Data  of  Siemens  750-Kw.  Turbo-Generators, 
Dimensions  in  Centimetres. 

Number  of  poles       4 

Speed  in  R.P.M 1600 

Voltage 500-550 

Armature  diameter  (D) 90 

Armature  gross  length(>l^) 46 

Armature  overall  length      82 

Number  of  ventilating  ducts 6 

Width  of  each  duct 0.63 

Yoke  external  diameter 165 

Yoke  internal  diameter 200 

Yoke  width  parallel  to  shaft 58 

Magnet  core  breadth  parallel  to  shaft 38 

Magnet  core  width  at  right  angles  to  shaft 26 

COMMTTTATOR 

Diameter       50 

Useful  length        80 

Total  length  115 
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Technical  Data 

Cross  section  of  magnet  core  —  sq.  cms 1000 

Assumed  flux  density  in  magnet  core 16,000 

Total  flux  generated,  in  megalines 1.60 

Assimied  leakage  factor 1.35 

Armature  flux  per  pole 11.8 

Probable  number  of  face  conductors 176 

Probable  reactance  voltage  (at  550  volts) 19 

Average  volts  per  segment  (at  550  volts) 25 

Output  coefficient 1 .  25 

Armature  peripheral  speed     .    .    .  meters  per  second  75 

Conunutator  peripheral  speed     .    .  meters  per  second  41.5 

A  study  of  a  continuous  current  turbo-generator  of  a  similar  output 
and  speed  to  the  Siemens  machine  just  described  but  of  very  different 


Fig.  321.  —  Diagram  of  winding  for  auxiliary  field  circuit  connections  of 
750  kw.  high  speed  continuous  current  generator. 


design,  was  published  by  one  of  the  authors  in  the  Electrical  Review 
of  New  York  for  January  20,  1906. 

In  the  following  specification,  and  in  the  diagrammatic  sketches 
in  Figs.  320  and  321,  are  given  the  rough  outlines  for  the  electro- 
magnetic design  for  this  750-kw.  250-volt  continuous  current  gener- 
ator which  was  designed  for  a  speed  of  1500  R.P.M. 
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Specification  of  750  Kw.  250  Volt  1500  R.PJL  Continuous  Current 

Generator, 

Armature.  — The  core  plates  are' stamped  in  one  piece  from  plates 
of  a  thickness  of  0.5  millimetre,  and  are  assembled  directly  upon 
the  shaft,  as  the  required  shaft  diameter  does  not  permit  of  an  inter- 
mediate  armature  spider.  The  slot  conductors  are  kept  in  place  by 
wedges,  which  in  turn  are  retained  by  recesses  in  the  sides  of  the  slot, 
and  by  binding  bands.  The  end  connections  are  carried  on  a  specially- 
shaped  end-plate,  which  is  curved  on  its  surface,  and  permits  of  heai>- 
ing  towards  the  centre  the  binding  wire  holding  the  end  connections. 

CommvMor.  —  The  segments  are  built  up  with  the  intervening 
layers  of  mica  and  clamped  together.  Circumferential  mica  bands 
are  then  placed  at  the  middle  and  at  the  two  ends,  and  three  steel 
rings  are  shrunk  on  over  the  mica.  The  interior  contour  is  then 
machined,  and  the  commutator  is  secured  in  place  on  its  sleeve  by 
cones  forced  in  by  end-rings.  The  external  surface  is  then  turned. 
Ventilation  of  the  inside  of  the  commutator  is  provided  for  by  three 
channels  inside  the  spider,  through  which  air  can  be  driven  by  cup- 
shaped  fans  at  the  outer  end  of  each  channel. 

Brushes.  —  The  brushes  are  of  carbon,  or  preferably  of  graphite, 
of  low  contact  and  radial  resistance,  and  high  transverse  resistance. 
They  are  carried  in  holders  of  such  type  as  to  minimize  vibration  at 
the  high  peripheral  speed  employed. 

Magnet  Frame.  — The  yoke  is  made  from  cast  iron.  This  is  employed 
chiefly  on  account  of  the  greater  rigidity  and  stability  thereby  obtained, 
as  compared  with  a  cast  steel  yoke  of  equivalent  magnetic  capacity. 

Auxiliary  Commviating  Poles.  —  The  main  current  of  this  machine 
at  rated  load  is  3000  amperes.  Taking  1000  amperes  through  a  divert- 
ing shunt  leaves  2000  amperes,  which,  if  carried  through  the  coils  of 
the  six  auxiliary  poles  in  a  single  series,  would  require  about  five  turns 
per  pole,  and  each  turn  would  be  of  inconveniently  large  cross  section. 
It  is  also  objectionable  to  use  many  turns  in  parallel,  owing  to  the 
difficulty  of  obtaining  absolutely  satisfactory  contact  at  the  connec- 
tions. An  alternative  would  be  to  put  the  spools  in  parallel,  but 
unless  very  carefully  adjusted,  the  different  windings  would  be  of 
unequal  resistance,  resulting  in  varying  strengths  of  current  in 
different  spools. 
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To  overcome  these  difficulties  the  following  arrangement  of  wind- 
ing has  been  adopted:  each  spool  is  subdivided  into  four  sections, 
each  wound  with  5  J  turns  of  copper  strip.  The  details  of  the  winding 
scheme  are  shown  diagrammatically  in  Fig.  321. 

The  winding  is  arranged  in  four  parallel  circuits  with  500  amperes 
per  circuit.  Each  circuit  contains  one  section  of  winding  on  each 
pole,  or  33  turns  in  series.  By  this  arrangement,  the  convenience  of 
parallel  winding  is  obtained,  without  incurring  the  liability  of  having 
varying  strengths  of  field  on  the  diflferent  commutating  poles, 
since  any  inequality  in  the  current  in  one  section  is  shared  by  all 
the  poles. 

As  will  be  seen  from  an  examination  of  the  design,  a  high  periodicity 
(in  this  case  75  cycles  per  second)  is  unavoidable.  As  a  fairly  high 
core  density  is  also  necessary,  in  order,  in  spite  of  the  restricted 
diameter,  to  provide  access  for  sufficient  air  to  the  interior  of  the  core, 
thence  to  flow  radially  outward  through  the  ventilating  ducts,  a 
rather  high  core  loss  per  kilogram  of  armature  laminations  must  neces- 
sarily be  permitted.  Liberal  provision  of  radial  ventilating  ducts 
must  therefore  be  made,  as  the  total  rate  of  generation  of  heat  in  the 
armature  per  square  decimetre  of  peripheral  radiating  surface  will 
be  much  higher  than  is  otherwise  permissible. 

The  main  problem,  however,  relates  to  the  design  of  the  commutator. 
Notwithstanding  recent  very  encouraging  progress  in  the  develop- 
ment of  improved  carbon  and  graphite  brushes,  and  in  improved 
brush  holders,  a  peripheral  speed  of  35  metres  per  second  is  as  high 
as  it  is  yet  desirable  to  go.  In  order  to  get  sufficient  radiating  surface 
to  prevent  excessive  temperature  rise,  the  commutator,  as  will  be  seen 
from  the  example,  is  of  great  length,  and  correspondingly  awkward 
as  regards  mechanical  design,  the  more  especially  so  with  respect  to 
providing  internal  ducts  for  the  circulation  of  air.  As  a  compromise 
between  the  mechanical  and  electrical  difficulties,  a  much  higher  tem- 
perature rise  than  would  be  preferred  has  been  allowed  in  this  design. 
The  temperature  rise  will  not  be  less  than  60  degrees  C.  Some 
designers  would  have  shortened  the  commutator  by  resorting  to 
copper  brushes.  This,  in  the  authors'  opinion,  is  not  advisable.  The 
newer  types  of  graphite  brushes  indicate  very  encouraging  progress 
toward  lower  friction  coefficients  and  PR  contact  losses;  and  this 
progress,  when  thoroughly  substantiated  by  time  tests,  can  gradually 
be  followed  up  by  decreased  commutator  lengths. 
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The  design  set  forth  below  will  serve  to  illustrate  certain  important 
points  arising  in  connection  with  the  calculation  of  machines  of  this 
type. 

Dimensions  and  Data  of  ISO-Kw.  250-voU  1560-R.P.M.  C.C.  Generator. 

Dimensions  in  centimetres. 

Number  of  poles 6 

Speed  in  R.P.M 1500 

Voltage 250 

Armature  diameter  (D) 76 

Armature  gross  length  (^) 34 

Armature  overall  length 63 

Nimiber  of  ventilating  ducts 8 

Width  of  each  duct 1.0 

Number  of  slots 162 

Yoke  external  diameter 174 

Yoke  internal  diameter 139 

Width  of  yoke 50 

Breadth  of  magnet  core  parallel  to  shaft 34 

Breadth  of  magnet  core  at  right  angles  to  shaft 20 

Commutator 

Diameter 45 

Useful  length 54 

Total  length 70 

Technical  Data 

Flux  per  pole,  megalines 6.32 

Number  of  face  conductors 324 

Reactance  voltage 15.5 

Average  volts  per  segment 18.5 

Output  coefficient 2.55 

Armature  peripheral  speed    ....     meters  per  second.  60 

CJommutator  peripheral  speed  .    .    .     meters  per  second.  35 

In  this  design  the  output  coefficient  is  much  higher  than  that  ob- 
tained in  the  Siemens  machine.  This  is  partly  on  account  of  the  lower 
voltage,  and  also  on  account  of  the  higher  temperature  rise  for  which 
the  design  was  proportioned.  In  addition,  greater  facilities  for 
ventilation  are  obtained,  for  with  a  6-pole  design  a  greater  internal 
diameter  is  appropriate  than  with  a  4-pole  design. 

In  Fig.  322  the  complete  field  for  a  37.5-kw.  2500  R.P.M.  250- 
volt  continuous  current  turbo-generator  manufactured  by  the  British 
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Westinghouse  Company,  is  shown.    Four  distinct  sets  of  field  wind- 
ings are  employed: 

(1)  Shunt  winding  on  the  main  poles. 

(2)  Series  winding  on  the  main  poles. 

(3)  Series  winding  on  the  interpole  cores. 

(4)  Deri  winding  distributed  in  tunnels  beneath  the  main  pole 

faces. 


Fig.  322.  — British  Westinghouse  Co.'s  375  kw.  2500  R.P.M.  250  volt  continuous 
current  turbo-dynamo  with  rotating  portion  removed. 


In  this  machine  the  interpole  shoe  extends  over  the  full  length  of 
the  armature  core. 

In  Fig.  323  is  shown  a  200-kw.  110-volt  2000  R.P.M.  continuous 
current  turbo-generator  built  by  the  British  Westinghouse  Co.    Some 
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machines  of  this  design  are  installed  at  the  Savoy  Hotel,  London. 
This  illustration  is  interesting  on  account  of  the  special  commutator 
construction,  and  the  necessary  brush  gear  to  collect  2000  amperes 


per  machine.  Although  extremely  rigid  the  brush  rocker  and  frame 
is  of  light  construction  throughout.  Copper  gauze  brushes  are 
employed,  there  being  a  set  of  8  brushes  for  each  pole. 


448         CONSTRUCTION  OF  HIGH  SPEED  GENERATORS. 

« 

Complete  data  of  the  375  kw.  machine  illustrated  in  Fig.  322  has 
been  published  in  an  article  entitled  **  Continuous  Current  Turbo- 
Generators,"  by  Beyer.*  The  following  specification  has  been  com- 
piled from  Beyer's  data: 

SPECIFICATION   OF   A  375  KW.  2500  R.P.M.   CONTINUOUS  CUR- 
RENT TURBO-GENERATOR  BUILT  BY  THE  BRITISH 
WESTINGHOUSE  COMPANTf. 

Rated  Output  (kw.)      375 

Rated  Speed  (r.p.m.) 2500 

Terminal  Voltage      240 

Current  per  Terminal 1600 

Number  of  Poles  (P) 4 

Periodicity 83 

ALL  DIMENSIONS    IN    CENTIMETRES. 

ArmcUure. 

Diameter  at  Air  Gap  (D) 56 

Internal  Diameter 30 

Gross  Core  Length  (Xg) 30.5 

Net  Core  Length  (Xn) 23.0 

Number  of  Ventilating  Ducts 6 

Width  of  each  Duct 0.8 

Slots  and  Teeth, 

Number  of  Slots 72 

Number  of  Slots  per  Pole 18 

Width  of  Slot 1.07 

Depth  of  Slot 3.5 

Minimum  Width  of  Tooth 1.07 

Armature  Winding  (4-Circuit). 

Number  of  Face  Conductors 144 

Number  of  Conductors  per  Slot 2 

Number  of  Components  forming  One  Conductor 2 

Cross  Section  of  One  Component 0.50  sq.  cm. 

Cross  Section  of  One  Conductor 1.0  sq.   cm. 

Dimensions  of  Bare  Conductor 2  X  (0.4  X     1.27) 

Current  per  Conductor 400 

Current  Density 400 

Number  of  Turns  per  Segment 1 

*  See  Electncal  World,  Vol.  50,  p.  964.  Elecktrotechnik  und  Maschinenbau  Heft 
39,  p.  743. 
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ComrnvJUUor. 

External  Diameter 30 . 5 

Total  length  of  Segment     88 

Number  of  Segments 72 

Width  of  (Segment  plus  Insulation)  at  Periphery 1 .  33 

Number  of  Shrink  Rings 4 

Cross  Section  of  each  Ring 4x7 

Brushes, 

Number  of  Spindles 4 

Number  of  Brushes  per  Spindle  (9  Metal  and  9  Carbon) 9 

Width  of  Brush 35 

Length  of  Arc  of  Contact 16 

Designation  and  Quality  of  Brush Metal  and  Carbon  Combined 

Amperes  per  Set  of  Brushes 400 

Amperes  per  Compound  Brush 90 

Amperes  per  sq.  cm.  of  Contact  Surfaces  (of  metal  brushes) 17 

Main  Moffnet  Poles. 

Diameter  of  Bore  of  Pole  Face 58 

Length  Parallel  to  Shaft 30 

Width  at  Right  Angles  to  Shaft 16 

Length  of  Pole  Arc 29 

Pole  Pitch  (t) 44 

Ratio  Pole  Arc  to  Pole  Pitch 0.66 

Radial  Depth  of  Air  Gap 1.0 

Commviating  Poles. 

Length  Parallel  to  Shaft 30 

Width  at  Right  Angles  to  Shaft 25 

Main  Compensating  Winding. 

Total  number  of  Ampere  Turns  per  Pole 8800 

Current  at  Full  Load 1600 

Number  of  Turns  per  Pole 6 

Number  of  Components  forming  One  Conductor 2 

Dimensions  of  One  Component 5X0.8 

Current  Density  in  Amperes  per  sq.  cm 200 

Magnetic  Data. 

Flux  per  pole  in  Armature  (Full  Load)  (megalines)       4.1 

Flux  per  pole  in  Yoke  (Full  Load)  (megalines) 4.7 

Flux  Density  Pole  Core  (kilolines) 10.4 

Flux  Density  Yoke  (kilolines) 8.0 

Flux  Density  Armature  (kilolines) 9.3 


450         CONSTRUCTION  OF  HIGH  SPEED  GENERATORS. 

Magnetic  Data.  — Continued. 

Flux  Density  Teeth  (corrected)  (kilolines) 15.2 

Flux  Density  Air  Gap  (kilolines) 5.6 

Total  Number  of  Ampere  Turns  per  Pole 5000 

Flux  in  Commutating  Pole  Cores  (megalines)      0.36 

Flux  Density  in  Conunutating  Pole 11.2 

Losses  and  Efficiency, 

Armature  Iron  Loss  (Watts) 4240 

Brush  Friction  Loss  (Watts) 3170 

Brush  PR  Loss  (Watts) 1630 

Armature  PR  Loss  (Watts) 3830 

Compensating  Winding /'i2  Loss  (Watts) .   1430 

Commutating  Pole  Winding  PR  Loss  (Watts) 400 

Compound  Winding /'i2  Loss  (Watts) 100 

Shunt  Excitation  PR  Loss  (Watte) 540 

Regulating  Rheostat  PR  Loss  (Watte) 230 

Total  Losses  (including  windage  and  bearing  friction)      15,600 

Output  in  Watte        375,000 

Input  in  Watte 390,600 

Electrical  Efficiency  (Full  Load) 9620 

Constants  and  Coefficients. 

Armature  Peripheral  Speed  (Metres  per  Sec.) 73 

Commutator  Peripheral  Speed  (Metres  per  Sec.) 40 

Output  Coefficient  ($)      1.56 

Flux  per  sq.  cm.  of  Air  Gap  Surface  (P) 3060 

Armature  Coils  per  cm.  of  Periphery  (a)      328 

Armature  Ampere  Turns  per  Pole 7200 

Allgemeine  Elektricitats  Gesellschaft  Machines. 

A  laminated  field  construction  is  employed  for  the  A.  E.  G.  high 
speed  continuous  current  machines,  the  necessary  windings  being 
arranged  in  slots. 

In  general,  three  windings  are  used: 

(1)  Main  shunt  winding. 

(2)  Interpole  tooth  series  winding. 

(3)  Deri  compensating  winding. 

Where  necessary,  a  compounding  winding  is  added,  although  in 
many  cases  this  is  unnecessary,  as  the  armature  reaction  with  Ipad  is 
compensated  for  by  the  Deri  winding. 

In  Fig.  324  a  20-kw.  continuous  current  turbo-generator  built  by 
the  A.  E.  G.  is  shown.    The  frame  is  of  substantial  construction.    The 
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Fig.  324.  —  20  kw.  continuous  current  turbo-generator  by  the  A.  E.  0. 


Fig.  325.  — 100  kw.  continuous  current  turbo-generator  by  the  A.  E.  G. 
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bearings  are  carried  in  an  extension  of  the  main  yoke.  In  Fig.  325 
a  100-kw.  turbo-generator  is  shown.  The  set  is  provided  with  a 
separate  exciter  fixed  on  the  outside  of  the  main  pedestal.  Metal 
gauze  brushes  are  employed,  thus  permitting  of  a  commutator  of 
reasonable  dimensions.  A  wound  field  system  is  illustrated  in 
Fig.  326.    Continuous  current  turbo-generating  sets  are   built   by 


Fro.  326.  —  Field  system  of  an  A.  E.  G.  turbo-generator  showing  shunt  coils 
and  Deri  winding  in  place. 

the  A.  E.  G.  in  capacities  ranging  from  50  kw.  up  to  750  kw.    The 
speeds  are  as  follows: 

TABLE  72. 

Rated  Outputs  and  Speeds  op  A.  E.  G.  Continuous  Current  Turbo-Gener- 
ators WITH  Metal  Brushes. 


Rated  Output 
inKw. 

Speed  In 
R.P.M. 

50-300 

500 

750 

3000 
2000 
1500 

RATEAU  GENERATORS. 
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All  these  machines  have  metal  brushes.    In  addition  to  the  above 
line  of  machines,  a  line  employing  carbon  brushes  is  built  in  capacities 


of  from  2  kw.  to  20  kw.    These  machines  are  made  in  the  sizes  shown 
in  Table  73. 
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TABLE  73. 

Rated  Outputs  and  Speeds  op  A.  E.  G.  Continuous  Current  Turbo- 
Generators  WITH  Carbon  Brushes. 


Kated  Output 
in  Kw. 

Volts. 

Speed. 

2 

5 

10 

15 

20 

115 
65  and  115 

115 
65  and  115 

115 

5000 
4500 
4000 
4000 
3600 

Fig.  328.  —  100  kw.  turbo-generator  by  the  Rateau  Turbine  Co.  of  Chicago. 


Generator  Built  by  the  Rateau  Turbine  Company  of  Chicago. 

In  Fig.  327  is  shown  a  100-kw.  3000  R.P.M.  125-volt  turbo- 
dynamo,  built  by  the  above  firm.  The  brush  gear  is  supported  at  the 
bearing  end  by  a  bracket  and  at  the  armature  end  by  the  end  cover 
of  the  machine.  The  bearings  are  of  the  oil  ring  type  with  a  water 
jacket  in  the  top  and  bottom  cap.  Commutating  poles  are  employed 
in  order  to  obtain  satisfactory  commutation.  The  machine  has  a 
nickel  steel  shaft,  so  designed  that  the  critical  speed  is  attained  at  a 
speed  above  the  normal.    The  ventilation  of  the  machine  is  assisted 
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by  a  fan  which  draws  air  in  at  one  end  of  the  armature  and  expels  it 
at  the  opposite  end. 

The  terminal  board  moimted  on  the  machine  is  made  sufficiently 
large  to  carry  German  silver  shmits  for  adjusting  the  compoimd  and 
interpole  windings. 

In  Fig.  328  another  view  of  the  same  machine  is  given.  In  this 
view  the  method  of  shifting  the  brushes  is  shown.  This  is  accom- 
plished by  shifting  the  end  plate  by  means  of  a  hand  wheel  fixed  to 
the  outside  frame. 

HoMOPOLAR  Generators. 

A  good  deal  of  attention  has  been  given  in  several  quarters  to  the 
designing  of  the  homopolar  or  acyclic  type  of  generator  for  the  high 
speeds  associated  with  steam  turbine  driving. 

In  this  type  of  generator  the  armature  conductors  are  arranged  to 
revolve  in  a  unidirectional  magnetic  field.  The  emf .  induced  in  the 
conductors  is  therefore  unidirectional  and  does  not,  as  in  the  ordi- 
nary t)rpe  commutator  generator,  alternate  as  the  armature  revolves. 
Hence  in  this  type  of  machine  the  commutator  may  be  dispensed 
with  and  the  commutator  difficulties  are  eliminated. 

The  magnetic  circuits  and  armature  electric  circuits  may,  in  homo- 
polar  generators,  be  so  disposed  that  the  armature  induced  currents 
flow  (1)  radially  or  (2)  axially  with  respect  to  the  axis  of  rotation  of 
the  armature. 

These  two  types  may  be  designated,  respectively,  the  radial  type 
and  the  axial  type.  They  are  diagrammatically  illustrated  in  Figs. 
329  and  330,  where  the  armatures  consist,  respectively,  of  radial 
disks  with  brushes  at  the  inner  and  outer  peripheries,  and  a  cylin- 
drical barrel  with  brushes  at  each  end,  for  the  collection  of  the 
currents. 

In  each  of  these  cases  the  armatures  consist  virtually  of  an  infinite 
number  of  circuits  in  parallel,  and  consequently,  even  at  very  high 
speeds,  machines  of  this  type  are  suitable  only  for  low  voltages  and 
correspondingly  heavy  currents.  In  order  to  obtain  moderately  high 
voltages  it  is  necessary  to  connect  a  number  of  conductors  in  series. 
Consequently  in  practice  the  continuous  drum  is  replaced  by  a  drum 
carrying  a  number  of  parallel  conductors,  and  since  the  currents  in 
all  conductors  are  in  the  same  direction,  connection  must  be  made 
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from  the  back  end  of  one  conductor  to  the  front  end  of  the  other  and 
the  connections  must  lie  outside  the  region  of  the  magnetic  field. 
In  order  to  connect  the  armature  conductors  in  series,  it  becomes 


Fig.  329.  —  Radial  type  of  homopolar  generator. 

necessary  to  connect  each  end  of  each  conductor  to  a  slip  ring  with 
brushes  to  which  the  connecting  leads  are  attached. 
The  principal  difficulty  with  this  type  of  machine  relates  to  the 


Fia.  330.  —  Axial  type  of  homopolar  dynamo. 

large  friction  loss  associated  with  the  conduction  of  the  current  from 
the  large  number  of  slip  rings  required  for  obtaining  reasonably  high 
voltages. 


NOEGGERATH'S  GENERATOR. 
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Fig.  331.  —  Noeggerath's  500  kw.  Homopolar  Dynamo. 
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Such  machines  have  been  built  commercially  in  moderately  large 
sizes,  by  the  General  Electric  Company  of  America.  This  company 
has  recently  produced  a  500-kw.  600-volt  homopolar  generator. 

An  example  of  the  type  of  machine  built  by  this  company  is  the 
300-kw.  500-volt  turbine-driven  continuous  current  homopolar  gener- 
ator described  by  Noeggerath  in  a  paper  read  before  the  American 


Fig.  332. — Armature  of  600  kw.  Noeggerath  Homopolar  Generator. 

Institution  of  Electrical  Engineers.  The  following  data  is  compiled 
from  Noeggerath's  description.  In  this  machine  the  armature  con- 
sists of  twelve  conductors  of  strip  copper  mounted  on  a  cast  steel 
drum.  These  conductors  are  connected  to  the  twelve  slip  rings  at 
either  end  of  the  armature.  The  twenty-four  slip  rings  are  made 
of  cast  steel.  One  copper  brush  is  provided  for  each  ring,  and  access 
to  the  brushes  is  obtained  through  the  eight  circular  holes  in  the 
cast-steel  frame  as  shown  in  Fig.  331.  The  armature  is  similiar  to 
the  one  illsutrated  in  Fig.  332,  which,  however,  relates  to  a  500  kw. 
homopolar  generator.  A  view  of  the  complete  500  kw.  machine 
recently  built  by  the  General  Electric  Co.  of  Schenectady  is  shown  in 
Fig.  331. 

The  speed  of  the  300  kw.  machine  is  3000  R.P.M.,  or  50  revolutions 
per  second.  The  approximate  dimensions  of  the  armature  are  49 
centimetres  diameter,  and  31  centimetres  effective  length.  This 
gives  a  peripheral  speed  of  77  metres  per  second.    The  volts  per 

conductor  =  -rr-  =  41.5,  the  armature   flux  =  — ^ — — =  83 

x2i  oU 
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83 


megalines.    Therefore  the  flux  density  in  the  gap  =       w  ^a  w 

17, 500  lines  per  square  centimetre. 

The  twelve  stationary  conductors  are  connected  to  the  brushes  by 
leads  mounted  on  a  brush  rocker,  so  that  the  magnetomotive  force 
generated  by  the  current  flowing  through  these  leads  can  be  arranged 
to  assist  the  magnetomotive  force  of  the  field  coils.  It  is  claimed 
that  in  this  way  the  machine  can  be  compounded  positively  for  gener- 
ators, or,  in  the  case  of  motors,  the  compounding  can  be  made 
negative.  An  eflSciency  curve  of  a  300  kw.  Noeggerath  generator  is 
given  in  Fig.  333. 

A  strong  point  in  the  favour  of  the  homopolar  t3rpe  of  machine 
is  the  simplicity  of  construction  and  consequent  low  total  cost  of 
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Fig.  333. — Efficiency  curves  of  300  kw.  500  volt  homopolar  dynamo. 

manufacture.  Pohl,  however,  observes  in  a  paper  on  **  The  Develop- 
ment of  Turbo  Generators  "  read  before  the  British  Institution  of 
Electrical  Engmeers  on  Nov.  22nd.,  1907,  that  the  chief  objection  to 
the  homopolar  type  is  the  excessive  weight  of  steel  required.  Pohl 
states  that  this  is  due  to  the  low  values  for  the  armature  ampere 
conductors  per  cm.  of  periphery,  and  gives  as  an  example  the  case 
of  1000  kw.  600  volt  generator  at  1900  R.P.M.  for  which  he  estimates 
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that  51  tons  of  steel  will  be  required  for  a  homopolar  type  machine 
as  against  5  tons  for  a  commutating  machine. 

Since  the  homopolar  generator  in  its  simplest  form  is  inherently  a 
low  voltage  machine,  it  may  find  a  sphere  of  usefulness  for  direct 
coupled  exciters  of  turbo-alternators.  In  the  latter  machines  the 
lower  the  voltage,  the  larger  will  be  the  cross  section  of  the  field  con- 
ductor, and  the  fewer  the  number  of  turns  required  on  each  pole. 
This  is  advantageous  in  that  a  high  space  factor  is  obtained,  and 
also  that  the  field  winding  is  better  mechanically,  which  is  especially 
important  in  rotating  field  systems. 

The  Westinghouse  Company  have  constructed  a  homopolar  gener- 
ator for  an  exciter  which  generates  at  10  volts,  and  is  of  the  axial 
type.  The  field  is  radial,  and  the  current  passes  along  the  shaft  to 
the  field  circuits  of  the  alternator. 

Stresses  in  a  Rotating  Armature. 

The  chief  stresses  in  a  rotating  armature  may  be  conveniently 
tabulated  as  follows: 

1.  Armature  Body.  —  Tension  in  the  stampings. 

2.  Slots  and  Teeth.  —  Centrifugal  force  of  the  embedded  copper; 

stress  in  the  wedges;  and  tension  in  the  teeth. 

3.  End  Windings.  —  Stress  in  the  binding  wire  or  end  covers. 

4.  Commutator.  —  Stress  in  the  segments  due  to  bending,  and 

tension  in  shrink  rings. 

5.  Commutator  Connections.  —  Stresses  due  to  vibration  often 
causing  crystallization  and  ultimate  fracture. 

The  centrifugal  force  of  a  concentrated  mass  is  given  by  the  formula 

F  =  0.0000112  WRN^ (1) 

where  F  is  the  centrifugal  force  in  tons, 

W  is  the  lueight  of  the  mass,  in  tons, 
R  is  the  mean  radius  in  centimetres, 
N  is  the  speed  in  revolutions  per  minute. 
In  the  case  of  a  ring,  the  mass  is  distributed  over  the  whole  cir- 
cumference, and  the  component  (F^)  tending  to  produce  fracture 
across  any  section  is  given  by 

F'  ^l  ^  0.0000036  WRN^ (2) 

7Z 
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Equation  (1)  may  be  used  for  obtaining  the  centrifugal  force  of 
any  concentrated  mass,  and  equation 
(2)  for  the  force  tending  to  produce 
fracture  in  a  cylinder. 

The  application  of  this  may  best 
be  shown  by  means  of  an  exam- 
ple. In  Chapter  XVII,  page  398,  is 
given  the  specification  of  a  1000-kw. 
1000-volt  1000  R.P.M.  continuous  cur- 
rent generator,  and  an  outline  sketch 
of  the  armature  slot  is  given  in 
Fig.  334.  The  calculations  for  this 
machine  may  be  carried  out  in  the 
following  manner: 

1.  Armature  Body.  —  The  maxi- 
mum circumferential  stress  in  the 
armature  laminations  occurs  at  the 
point  where  the  diameter  is  greatest. 
In  the  armature  body  this  will  be  at 
the  roots  of  the  teeth,  that  is,  at  the 
belt  of  iron  immediately  below  the  slots.  The  circumferential  tension 
in  a  rotating  cylinder  is  given  by  the  expression 

where 

F  denotes  the  stress  in  kilograms  per  square  centimetre, 

m  denotes  the  specific  weight  of  the  material  in  grams  per  cubic 

centimetre, 
V  denotes  the  peripheral  speed  in  metres  per  second. 
In  the  case  of  the  1000  kw.  1000  R.P.M.  generator  the  external  dia- 
meter of  the  armature  laminations  is  100  centimetres,  and  the  diameter 
at  the  bottom  of  the  slots  92  centimetres,  which  corresponds  to  a 
peripheral  speed  of  48  metres  per  second.  The  specific  weight  of  iron 
is  7.8  grams  per  cubic  centimetre,  and  hence  we  may  obtain  the  stress 
in  the  stampings: 


Fig.  334.  — Armature  slot  for  1000 

kw.  continuous  current 

generator. 


F  = 


7.8  X  48' 
10 


=  1800  kilograms  per  square  centimetre 


or  0.18  tons  per  square  centimetre. 
This  value  is  not  excessive  for  WTought  iron  or  sheet  steel. 
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2.  Slots  and  Teeth.  —  The  cross  section  of  one  conductor  is  equal 
to  0.392  square  centimetre,  and  there  are  4  conductors  per  slot. 
The  total  cross  section  of  copper  per  slot  is  equal  to 

4  X  0.392  =  1.57  square  centimetres. 

The  gross  core  length  (X^)  =  50   centimetres,  therefore  the  total 
volume  of  copper  embedded  in  one  slot  is  equal  to 

1.57  X  50  =  78.5  cubic  centimetres, 


Fia.  335.  —  Commutator  segment  for  1000  kw.  continuous  current  generator. 


and  the  weight  of  copper  per  slot  «  78.5  X  0.0089  =■  0.70  kilogram, 

or  0.00070  ton. 

The  external  diameter  of  the  laminations  =  100  centimetres,  and 

the  diameter  at  the  bottom  of  the  slots  =  92  centimetres. 

100  +  92 
Therefore  the  mean  diameter  = =  96  centimetres, 

96 
and  the  mean  radius  =  —  =  48  centimetres, 

and  applying  equation  (1)  the  centrifugal  force  per  slot  amounts  to 

0.0000112  X  0.00070  X  48  X'(IOOO)'  =  0.38  ton. 

This  force  sets  up  a  shearing  stress  in  the  wedges,  and  the  total 
section  (a6)  offering  resistance  to  shearing  is  equal  to  twice  the  depth 
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of  the  wedge  multiplied  by  its  length.    In  this  case  the  depth  is  0.5 
centimetre,  therefore  the  total  section 

=  2  X  0.5  X  50  =  50  square  centimetres, 

and  the  shear  stress  is  equal  to 

^  =  0.0076  ton 

This  is  rather  a  high  value  for  wood,  and  a  very  hard  wood  should 
be  employed,  or  else  metaJ  wedges. 

The  centrifugal  force  on  the  windings  also  sets  up  tension  in  the 
teeth.    The  slot  pitch  at  the  periphery  is  1.94  centimetres. 

The  greatest  width  of  wedge  =  1.4  centimetres;  therefore,  the 
least  width  of  tooth  =  0.54  centimetre;  and,  since  the  net  core 
length  (Xn)  =  36,  the  least  section  (cd)  in  tension  amounts  to  36  X 

0.54  =  19.5  square  centimetres,  and  the  corresponding  stress  -^ 

=  0.0195  ton  per  square  centimetre. 

Tension  at  the  roots  of  the  teeth  is  also  caused  by  the  centrifugal 

force  both   of  the  copper  windings  and  of  the  teeth  themselves. 

The  weight  of   the  teeth  is  141  kilograms,  therefore  the  weight  per 

141 
^^^^*h  =  -— -•  =  0.87  kilogram,  or  0.00087  ton,  and  the  centrifugal 
lo2 

force  (F)  =  0.0000112  X  0.00087  X  48  X  (1000)*  =  0.47  ton.      The 

centrifugal  force  on  the  copper  was  found  equal  to  0.38.     Therefore 

the  total  force  on  the  roots  of  one  tooth  is 

(0.47  +  0.38)  =  0.85  ton. 

The  slot  pitch  at  the  root  is 

92;: 

—■—-  =  1.79  centimetres. 

162 

The  width  of  the  slot  is  1.07,  and  the  width  of  the  tooth  at  the 
root  is  (1.79  -  1.07)  =  0.72  centimetre,  and  the  total  section  resisting 
fracture   (ef)  =  0.72  X  36  =  26  square  centimetres. 

Hence  the  stress  amounts  to 

0  85 

-5^  =  0.0326  ton  per  square  centimetre. 

3.  End  Windings.  —  The  total  weight  of  the  armature  copper  is 
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260  kilograms,  and  of  this  amount  0.7  kilogram  per  slot,  or  (0.7  X  162 
=  113  kilograms  for  all  the  slots,  is  restrained  by  the  slot  wedges. 
The  remaining  (260  —  113)  or  147  kilograms  is  restrained  by  binding 
wire.    • 
From  equation  (2),    ' 

F'  -  0.0000036  X  0.147  X  48  X  (1000)'  =  25  tons. 

Allowing  a  stress  of  0.7  ton  per  square  centimetre,  the  required  section 

would  be  —  =  36  square  centimetres. 
0.7  ^ 

Using  a  steel  wire  of  0.2  centimetre  diameter,  the  section  per  turn 
=  ^-^^  =  0.0314  square  centimetre, 

and  the  number  of  turns  =  -z-z^.  =  115. 

0.0314 

That  is,  we  might  use  60  turns  at  each  end  of  the  armature,  and 
wind  in  a  double  layer.  It  must  not  be  forgotten,  however,  that  the 
value  0.7  ton  per  square  centimetre  does  not  represent  the  total 
resultant  stress,  as  this  figure  does  not  include  the  amount  due  to 
the  centrifugal  force  of  the  wire  itself. 

This  may  be  conveniently  calculated  by  considering  such  a  number 
of  wires  that  the  cross  section  is  equal  to  1  square  centimetre. 

The  volume  of  these  wires  would  be  100;r,  and  the  weight 

IOOtt  X  0.0078  =  2.45  kilograms,  or  0.00245  ton. 
The  centrifugal  force  is  then  equal  to 

0.0000036  X  0.00245  X  50  X  (1000)'  =  0.44  ton. 

The  total  section  resisting  this  force  is  2  square  centimetres,  and  hence 

0  44 
the  stress  is  equal  to  -jr—  =  0.22  ton  per  square  centimetre. 

Hence  the  total  stress  on  the  binding  wire  is  equal  to 

0.7  +  0.22  =  0.92  ton  per  square  centimetre. 

CommuUilor. 

Diameter  of  commutator  =  50  centimetres. 

Radial  depth  of  segments  =  8  centimetres. 

Therefore,  internal  diameter     =  34  centimetres. 
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Hence  neglecting  insulation,  the  volume  of  copper  per  centimetre 
length  of  commutator 

_  ^X  (50)^  _  n  X  (34)»  «  iggQ  -  900  =  1060  cubic  centimetres, 
4  4 

and  the  weight  per  centimetre  length 

=  1060  X  0.0089  =  9.5  kilograms,  or  0.0095  ton. 

50  +  34 
The  mean  radius  is  — =  21  centimetres,  and  the  centrifugal 

force  {F')  is  equal  to 

0.0000036  X  0.0095  X  21  X  (1000)'  =  0.71  ton  per  centimetre  length. 

The  total  length  of  the  commutator  =  50  centimetres.  Therefore 
the  total  force  due  to  the  commutator  bars 

=  50  X  0.71  =  35  tons. 

In  addition  to  this  must  be  taken  the  centrifugal  force  on  the  com- 
mutator risers.    If  we  take  the  section  of  these  as 

3  X  0.2  centimetre  ==  0.6  square  centimetre 

the  length  is  equal  to  25  centimetres,  therefore  the  volume  =  15 
cubic  centimetres,  and  the  weight  per  riser 

=  (15  X  0.0089)  kilogram  =  0.134  kilogram. 

There  are  324  segments  and  therefore  324  risers.  Therefore  the 
total  weight  is  equal  to 

(324  X  0.134)  kilogram  =  43.5  kilogram  or  0.0435  ton. 

Taking  the  mean  radius  as  35  centimetres,  the  centrifugal  force  {¥') 

=  0.0000036  X  0.0435  X  35  X  (1000)*  =  5.4  tons. 

There  are  three  steel  rings;  the  middle  ring  is  4.5  centimetres  wide, 
and  the  end  rings  are  3  centimetres  wide.  Therefore  the  total  width 
is  equal  to  4.5  4-  (2  X  3 )  =  10.5  centimetres. 

The  radial  depth  of  all  the  rings  is  4  centimetres,  from  which  we 
find  the  weight  of  all  the  rings  to  be  0.0635  ton. 

The  mean  radius  may  be  taken  as  27  centimetres,  hence  the  cen- 
trifugal force  due  to  the  rings  themselves  is  equal  to 

0.0000036  X  0.0635  X  27  X  (1000)'  =  6.1  tons. 
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From  this  we  obtain  the  total  force  tending  to  fracture  the  rings, 

due  to  the  segments,  the  risers,  and  the  rings  themselves;  this  is 

equal  to 

35  +  5.4  +  6.1  =  46.5  tons. 

The  total  section  of  all  the  rings  resisting  this  force  is  equal  to 

(2  X  4  X  10.5)  =  84  square  centimetres. 
Hence  the  average  stress  in  the  rings  is  equal  to 
-^  =  0.55  ton  per  square  centimetre. 

We  must  also  consider  the  tension  at  the  roots  of  the  risers  them- 
selves. Each  riser  weighs  0.000134  ton.  Therefore  the  centrifugal 
force 

=  0.0000112  X  0.000134  X  35  X  (1000)'  =  0.0505  ton. 

But  the  section  of  each  riser  (gh)  is  0.6  square  centimetre.  There- 
fore the  stress  amounts  to  0.084  ton  per  square  centimetre. 

Lastly  we  must  consider  the  bending  in  the  commutator  segments. 
In  this  case  the  stress  at  a  point  half  way  between  the  rings  is  given 
by  the  expression 

,      0.75  FP 

where  F  is  the  centrifugal  force  in  tons  per  centimetre  length  of  a 
single  commutator  segment, 

I  is  the  distance  between  the  shrink  rings  in  centimetres, 

6  is  the  average  breadth  of  the  commutator  segment  in  centi- 
metres, 

d  is  the  depth  of  the  segment  in  centimetres,  and 

/  is  the  stress  in  tons  per  square  centimetre. 

The  weight  of  commutator  per  centimetre  length  =  0.0095  ton. 
Therefore  the  weight  per  bar  per  centimetre  length 

=  0.CW05  ^  Q  0000292  ton. 

Therefore  the  centrifugal  force  (F)  per  centimetre  length  per  bar  - 
0.0000112  X  0.0000292  X  35  X  (1000)'  =  0.0115  ton. 
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The  distance  between  the  shrink  rings  (1)  is  equal  to  17  centimetres, 
and  the  depth  of  the  segment  (d)  is  equal  to  8  centimetres.  The 
average  breadth  of  a  segment  (6)  is  given  by  the  expression 

0,415  +  0.28      ^^^        ^.     ^ 
=  0.35  centimetre. 

Hence 

.      0.75  X  0.0115  X  17^      ^  ,,o  *  *•     + 

/  =  — — =  0.112  ton  per  square  centimetre. 

U.oO  X  o 


CHAPTER    XIX. 

BRUSHES  AND  BRUSH  GEAR  FOR  HIGH  SPEED  CONTINUOUS 
CURRENT  DYNAMOS. 

We  have  shown  that  with  high  speed  continuous  current  dynamos, 
special  provision  for  commutation  should  be  made  by  the  addition 
of  compensating  windings  or  interpoles.  The  function  of  carbon 
brushes  as  an  essential  factor  in  commutation  may  in  these  cases 
often  be  of  considerably  less  importance,  and  the  question  arises  as 
to  whether  carbon  brushes  may  not  be  replaced  by  metallic  brushes. 
Although  metallic  brushes  of  various  forms  are  considerably  used, 
they  are  not  as  yet  superseding  carbon  brushes  to  so  great  an  extent 
as,  from  this  point  of  view,  one  would  be  led  to  expect. 

There  is  a  tendency  to  lose  sight  of  the  fact  that  the  superiority  of 
carlion  as  a  material  for  dynamo  brushes  has  been  due  by  no  means 
exclusively  to  its  relatively  high  resistance,  and  its  consequent  use- 
fulness in  connection  with  the  sparkless  collection  of  the  current,  but 
has  to  a  great  extent  been  due  to  certain  unique  mechanical  attri- 
butes. Whereas  copper  brushes  of  the  type  heretofore  usual,  have 
frayed  at  the  edges,  have  become  clogged  up  with  dust,  have  tended 
to  cut  the  commutator  surface,  and  have  in  various  other  respects 
proved  distinctly  unsatisfactory;  brushes  of  carbon  have,  in  the  great 
majority  of  instances  where  they  have  been  employed  in  well-designed 
and  carefully  constructed  machines,  proved  themselves  to  be  quite 
free  from  these  troubles.  These  statements  hold  good  up  to  com- 
mutator peripheral  speeds  of  some  15  metres  per  second,  and  often 
for  considerably  higher  speeds;  and  the  increased  surface  of  commu- 
tator required,  owing  to  the  relatively  low  current  density  and  high 
resistance  of  the  contacts  in  the  case  of  carbon  brushes,  has  been 
repeatedly  demonstrated  to  be  a  justifiable  initial  extravagance  owing 
to  the  lower  maintenance  costs  and  the  greater  freedom  from  inter- 
ruption of  service  which  have  thereby  been  secured. 

Even  before  the  advent  of  high  speed  continuous  current  dynamos, 
it  was  frequently   contended  that    in  the  very  large  commutator 
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necessarily  entailed  by  the  use  of  carbon  brushes,  the  cost  of  the 
machine  was  seriously  increased.  Nevertheless,  and,  as  the  authors 
believe,  rightly,  the  advantages  of  carbon  brushes,  which  are  not 
only  electrical  but  mechanical,  have  generally  been  considered  so 
great  as  to  justify  the  large  commutators  which  they  entail. 

The  present  demand  for  very  high  speed  continuous  current 
dynamos  has  introduced  a  new  factor.  The  requirements  of  such 
designs  often  render  it  impracticable  to  employ  peripheral  speed, 
of  less  than  from  25  to  35  metres  per  second,  and  at  such  speeds 
the  ordinary  carbon  brush  does  not  operate  satisfactorily  from  the 
mechanical  standpoint. 

Some  brands  of  graphite  brush  have  given  somewhat  better  satis- 
faction from  the  mechanical  standpoint  at  these  high  peripheral 
speeds;  and  it  appears  probable  that  good  mechanical  results  will  in 
the  near  future  be  obtained  by  the  use  of  suitably  constructed  metal 
brushes.  While,  however,  these  .new  conditions  have  stimulated 
designers  and  manufacturers  to  the  production  of  improved  metal 
brushes,  it  is  still  a  question  whether  the  results  which  have  as  yet 
been  obtained  by  the  latest  types  can  be  termed  satisfactory.  There 
is  still  a  great  deal  of  room  for  the  improvements  which  will  doubtless 
be  forthcoming,  but  whether  these  will  lead  us  to  graphite  or  to 
copper  brushes,  or  to  some  other  material,  or  to  some  combination  of 
these  two  or  to  some  other  two  or  more  materials,  it  is  difficult  to 
foretell. 

It  appears  that  certain  of  the  newer  graphite  brushes  may  be 
used  at  current  densities  well  on  toward  the  values  which  it  would 
be  desirable  to  employ  even  with  metal  brushes,  so  that  while  at  high 
speeds  the  metal  brush  appears  to  be  approaching  the  carbon  brush 
as  regards  mechanical  advantages,  the  carbon  brush — or,  more 
precisely,  the  graphite  brush  —  appears  to  be  approaching  within 
reasonable  distance  of  the  metal  brush  as  regards  permissible  current 
densities.  Both  types  of  brush  are  relieved  to  a  certain  extent 
from  the  third  requirement  of  contributing  to  the  sparkless  collection 
of  the  current,  by  the  developments  in  the  matter  of  interpoles  and 
compensating  windings.  Carbon  brushes  have  so  strongly  established 
themselves  in  favour  by  many  years  of  extensive  use,  that  it  will 
require  a  vigorous  campaign  in  favour  of  some  metal  alternative,  even 
of  considerable  superiority,  to  accomplish  its  widespread  introduction. 

The  question  of  brushes  for  high  speed  dynamos  has  received 
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considerable  attention  in  several  papers  and  discussions  relating  to 
turbines  and  turbo-generators,  and  the  following  references  are  of 
interest  in  this  connection: 

In  a  paper  by  Messrs.  Parsons,  Stoney,  and  Martin  *  entitled  **  The 
Steam  Turbine  as  applied  to  Electrical  Engineering,"  there  occurs 
the  following  passage:  "Carbon  brush  blocks  cannot  be  used,  as  at 
these  speeds  the  brushes  are  apt  to  vibrate,  and  so  diminish  the 
intimacy  of  contact  and  cause  heating  and  undue  wear.  The  result 
is  that  it  has  been  found  best  to  form  the  brushes  of  wire  gauze  or 
foil,  preferably  of  brass,  and  these  brushes  must  be  sufficiently  flexible 
to  maintain  a  good  contact  with  the  commutator  over  the  whole 
section  of  the  brush." 

In  the  discussion  on  this  paper,  W.  B.  Sayers  stated  that  metal 
brushes  were  operated  quite  satisfactorily  on  machines  provided  with 
the  Sayers  compensating  winding.  It  was  also  stated  that  carbon 
brushes  were  quite  practicable  on  turbo-generators  if  the  amount  of 
subdivision  of  the  brushes  was  great,  and  if  each  separate  block  was  so 
mounted  as  to  have  a  very  small  amount  of  inertia.  W.  J.  London, 
in  a  paper  entitled  "Steam  Turbines  and  Turbo-Generators, "  f 
says:  "It  has  been  foimd  that  it  is  almost  impossible  to  use  carbon 
brushes  on  this  type  of  generator,  owing  to  the  fact  that  the  armature 
floats  when  running,  thus  causing  the  brushes  to  dance.  Metal 
brushes  must,  therefore,  always  be  used,  and  in  consequence,  unless 
satisfactory  commutating  poles  or  compensating  windings  are  adopted, 
the  position  of  the  brushes  must  be  altered  to  suit  small  variations 
in  load." 

The  latter  plan  was  employed  by  Parsons  in  his  early  continuous 
current  machines.  The  apparatus  consisted  of  an  automatic  brush 
shifting  gear.  The  brush  rocker  was  connected  to  a  small  piston, 
which  was  subjected  to  steam  from  behind  the  turbine  poppet  valve 
the  pressure  of  which  was  found  to  be  sufficiently  proportional  to  the 
load.  The  arrangement  was  adjusted  so  as  automatically  to  give 
to  the  brushes  an  amount  of  lead  proportional  to  the  load.  It  has 
been  stated  that  good  results  were  obtained. 

The  method  has  been  abandoned  by  Messrs.  Parsons  in  favour  of 
a  compensating  winding  designed  by  Messrs.  Parsons  and  Stoney. 
This  winding  is  placed  in  slots  in  and  between  the  pole  faces,  and  is 

♦  Vol.  33,  p.  808,  Journal  InsliivHon  Electrical  Engineers,  England, 
t  Vol.  35,  p.  185,  Journal  Institution  Electrical  Engineers, 
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distributed  completely  around  the  periphery  of  the  armature.  With 
metal  brushes,  the  contact  resistance  is  about  one  eighth  of  that  of 
ordinary  carbon  brushes,  and  the  permissible  current  density  is  stated 
to  be  20  to  30  amperes  per  square  centimetre  (as  against  4  to  6  amperes 
per  square  centimetre  for  carbon  brushes)  without  occasioning  exces- 
sive heating  at  the  contacts.  This  means  that  the  brush  contact 
area  need  be  only  one  fifth  of  what  it  would  be  for  ordinary  carbon 
brushes,  and  a  considerable  reduction  in  the  length  or  diameter  of 
the  commutator  is  permissible.  Smce  in  high  speed  machines,  the 
commutator  assumes  very  large  proportions  compared  with  the 
armature,  and  since  problems  relating  to  centrifugal  forces  of  the 
segments  are  involved,  the  shortening  of  the  commutator  made  prac- 
ticable by  metal  brushes  is  a  strong  point  in  their  favour,  provided 
that  a  satisfactory  performance  in  other  respects  can  be  obtained. 
The  voltage  drop  and  the  loss  in  the  brushes  are  also  considerably 
reduced  by  metal  brushes,  and  an  increase  in  efficiency  of  from  1  per 
cent  to  3  per  cent  or  more  (according  to  the  voltage  of  the  machine) 
may  result.  This  is  the  more  important  in  view  of  the  extra  loss  in 
the  compensating  windings.  The  friction  coefficient  for  metal  brushes 
is  only  some  two  thirds  of  that  for  carbon  brushes. 

This  commutation  problem  is  very  serious  in  all  high  speed  con- 
tinuous current  machines  in  spite  of  the  assistance  afforded  by  inter- 
poles  and  compensating  windings.  Hence  the  final  solution  of  the 
brush  problem  should  combine  the  advantages  of  the  copper  brush 
with  the  good  commutating  properties  and,  in  some  respects,  better 
mechanical  properties,  of  the  carbon  brush.  A  marked  tendency  is 
becoming  apparent  towards  some  form  of  a  compound  brush  which 
shall  combine  good  conductivity  with  a  high  resistance  to  the  trans- 
verse currents  from  the  short  circuited  coils.  Before  discussing  these 
still  problematical  tendencies,  it  is  advisable  to  review  the  general 
properties  of  the  ordinary  carbon  brush. 

General  Properties  of  Carbon  Brushes.  —  The  investigation  of  the 
voltage  drop  and  contact  resistance  with  varying  current  density, 
pressure,  speed,  and  quality  of  carbon,  has  formed  the  subject  of  a 
large  amount  of  theoretical  and  experimental  study.  Nevertheless, 
it  is  still  somewhat  diflBcult  to  harmonise  the  results  which  have  been 
obtained  by  the  various  investigators. 

The  quality  of  the  carbon,  as  regards  hardness,  specific  resistance, 
and  other  physical  properties,  greatly  affects  the  results  obtained 


472 


BRUSHES  AND  BRUSH  GEAR. 


from  a  series  of  tests,  even  when  carried  out  under  identical  condi- 
tions. The  variations  introduced  by  the  use  of  different  types 
of  brush  holders  are  alone  sufficient  to  insure  discordant  results. 
Nevertheless,  analyses  of  the  results  of  the  various  investigations 
disclose  definite  tendencies  and  lead  to  conclusions  which  are  at  any 
rate  qualitatively  correct,  and  from  which  rough  but  nevertheless 
useful  quantitative  data  may  be  compiled. 

Contact  Resistance  and  Current  Density. — The  contact  resist- 
ance  between  a  brush  and  a  rotating  ring  or  commutator  varies 
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Fig.  336.  —  Variation  of  contact  resistance  with  brush  pressure 
for  a  soft  carbon. 

widely  with  the  current  density.  The  general  relation  tends  to  con- 
form to  hyperbolic  curves  such  as  those  shown  on  page  473,  for  a 
particular  make  of  brush  in  Fig.  343.  It  is  seen  that  for  all  except 
very  low  current  densities,  the  voltage  across  the  contact  is  quite 
constant  for  any  particular  pressure  and  is  fairly  independent  of  the 
current  density. 

Contact  Resistance  and  Pressure.  —  Within  certain  limits  the 
contact  resistance  may  be  decreased  by  increasing  the  contact  pres- 
sure. This  is  shown  in  Fig.  336,  where  the  contact  resistance  for  a 
soft  carbon  at  several  different  current  densities  is  plotted  against 
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the  pressure.    These  particular  curves  are  deduced  from  those  of 
Fig.  343  and  relate  to  a  soft  graphite  brush. 

In  Fig.  337  are  shown  similar  curves  for  a  fairly  hard  brush,  suit- 
able for  a  street  railway  motor,  where  rather  heavy  pressures  are  neces- 
sary in  order  to  insure  good  contact,  in  spite  of  the  vibration  of  the 
car.  In  both  of  these  figures  it  is  evident  that  at  light  pressures  a 
change  in  pressure  considerably  affects  the  contact  resistance,  but 
that  for  a  hard  brush,  or  at  any  rate  for  the  grade  of  brush  corre- 
sponding to  Fig.  337,  the  contact  resistance  at  rather  high  pressures 
is  nearly  or  quite  independent  of  the  pressure.    The  degree  of  depend- 
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FiQ.  337.  —  Variation  of  contact  resistance  with  brush  pressure  for  a  hard  brush 
employed  in  service  where  heavy  pressure  is  required. 


ence  on  the  pressure  varies  considerably  with  different  grades  of 
carbon,  and  extensive  tests  of  any  particular  grade  of  carbon  are 
necessary  in  order  to  obtain  even  approximate  values  for  that  grade. 

In  the  case  of  two  qualities  of  carbon  manufactured  by  the  "Le 
Carbone"  Company  and  designated  as  grades  "X"  and  "Z,"  the  con- 
tact resistance  is  stated  to  be  independent  of  the  pressure  between 
the  limits  of  0.15  and  0.20  kilogram  per  square  centimetre. 

Contact  Resistance  and  Peripheral  Speed.  —  For  a  soft  carbon 
of  the  Le  Carbone  Company,  some  observations  of  the  effect  of  the 
peripheral  speed  on  the  contact  resistance  are  plotted  in  the  full  line 
curves  of  Fig.  338. 
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The  dotted  line  curves  in  the  same  figure  represent  a  very  hard 
carbon,  from  which  it  is  seen  that  the  hard  carbons  have  a  considerably 
higher  contact  resistance  than  the  soft  carbons,  and  that  with  the  hard 
carbons  the  contact  resistance  attains  a  maximum  value  at  a  com- 
paratively low  speed,  and  that  any  further  increase  in  speed  produces 
little  or  no  change  in  the  contact  resistance.  The  curves  in  Fig.  338 
are  deduced  from  results  given  by  Dr.  S.  P.  Thompson,  in  his  1906 
Howard  Lectures  on  **  High  Speed  Electric  Machinery  with  special 
reference  to  Steam-Turbine  Machines."*  The  dotted  curves  are 
stated  by  Dr.  Thompson  to  represent  data  originally  due  to  Lessing. 
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Contact  Resistance  and  Quality  of  Carbon.  —  As  mentioned  in 
the  previous  paragraph,  the  contact  resistance  is  very  much  higher 
for  the  harder  carbons,  ranging  up  to  values  two  or  three  times  higher 
than  those  obtaining  for  the  soft  carbons  under  the  same  conditions. 

It  has  also  been  shown  that  the  eflFect  of  alterations  in  the  peripheral 
speed  and  in  the  pressure,  is  to  produce  results  which  differ  both  in 
magnitude  and  form  according  as  the  carbon  is  hard  or  soft;  this  effect 
is  very  irregular,  and  for  different  grades  of  carbon,  often  produces 
results  of  a  very  contradictory  and  irreconcilable  nature. 

Voltage  Drop.  —  Owing  to  the  tending  toward  hyperbolic  shape 
manifested  by  the  curves  representing  contact  resistance  when  plotted 

*  Delivered  before  the  Society  of  Arts,  London,  on  January  18  and  25,  and 
Februaiy  1,  1906. 
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as  a  function  of  the  current  density,  the  voltage  drop  under  widely 
different  conditions  does  not  vary  to  any  great  extent.  Its  magni- 
tude is  greatly  affected  by  the  quality  of  the  carbon,  and  particularly 
by  the  degree  of  hardness.  A  curve  is  shown  in  Fig.  343  representing 
the  voltage  drop  for  different  current  densities  for  a  soft  carbon. 

For  purposes  of  estimating  the  commutator  losses  in  a  given  design, 
it  is  usually  sufficiently  accurate  to  use  approximate  values  of  the 
voltage  drop  as  given  in  Table  74  which  represents  the  sum  of  the 
fall  of  potential  at  both  the  positive  and  the  negative  brushes. 


TABLE  74. 

Voltage  Drop  at  Brush  Contacts. 


Quality  of  Carbon. 

Voltage  I>rop 
(Ponltive  plus  Negative). 

Very  hard 

Hard 

Soft 

Very  soft 

2.4  to  3 
2  to  2.4 
1.4  to  2 
0.9to  1.4 

The  values  in  Table  74  may  be  taken  as  roughly  representative 
of  modern  practice  for  a  fairly  wide  range  of  working  conditions. 
Broadly  speaking,  the  softer  the  carbon,  the  higher  will  be  its  con- 
ductivity, and  hence  the  current  density  may  be  higher.  The  working 
values  vary  from  about  4  to  12  amperes  per  square  centimetre;  though 
more  commonly  they  are  within  the  limits  of  5  to  8  amperes  per  square 
centimetre.  For  the  ordinary  grades  of  carbon  brush,  it  is  desirable  to 
keep  down  to  the  lower  values  of  5  amperes  per  square  centimetre. 
For  the  working  pressure,  0.1  kilogram  per  square  centimetre  may 
be  used  with  advantage  for  the  softer  carbons,  but  the  hard  carbons 
may  require  0.20  or  0.25  kilogram  per  square  centimetre;  and 
where  the  machine  is  subject  to  considerable  vibration,  as  in  the 
case  of  tramway  motors,  the  necessary  pressure  may  be  even  double 
this  amount. 

Commutator  Losses.  —  The  two  chief  sources  of  loss  in  the  com- 
mutator are  those  of  contact  resistance  and  friction. 

Contact  Resistance  Losses.  —  The  PR  loss  may  most  readily  be 
estimated  as  the  product  of  the  voltage  drop  and  the  current. 
Designers  almost  always  use  roughly  representative  values,  such  as 
those  given  in  Table  74. 
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Friction  Losses.  —  The  friction  losses  at  the  commutator  are 
directly  proportional  to: 

1.  The  peripheral  speed  of  the  commutator. 

2.  The  total  pressure  on  all  the  brushes. 

3.  The  coefficient  of  friction  between  the  brushes  and  the  sur- 

face of  the  commutator. 

In  high  speed  machines,  the  friction  losses  are  generally  considerably 
higher  than  the  losses  due  to  the  contact  resistance,  so  that  designers 
should  aim  to  keep  the  diameter  as  small  as  is  possible  without  making 
the  commutator  excessively  long,  and  thus  involving  both  increased 
cost  for  the  machine  and  also  undue  mechanical  stresses. 
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Fig.  339.  —  Curves  for  establishing  brush  friction  loss  at  commutator 
for  a  brush  pressure  of  0.1  kg.  per  sq.  cm. 


The  total  pressure  on  all  the  brushes  may  be  expressed  as  the 
product  of  the  pressure  per  square  centimetre,  and  the  total  contact 
surface.  The  contact  surface  is  a  function  of  the  current  density  and 
of  the  current  to  be  collected.  Hence,  for  carbon  brushes  at  a  given 
pressure,  and  having  a  given  coefficient  of  friction,  a  curve  may  be 
drawn  to  represent  the  friction  losses  in  watts  per  ampere  for  unity 
current  density,  at  various  peripheral  speeds. 

Fig.  339  shows  such  a  curve  calculated  for  a  friction  coefficient 
of  0.3  and  a  pressure  of  0.1  kilogram  per  square  centimetre. 
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The  total  friction  loss  is  obtained  by  dividing  the  loss  for  a  current 
density  of  one  ampere  per  square  centimetre,  by  the  current  density, 
and  multipljdng  the  result  by  the  total  current.  The  losses  for  any 
other  coeflScient  of  friction  can  be  obtained  by  direct  proportion. 
Thus  for  a  class  of  brush  with  a  friction  coefficient  of  0.2  instead 
of  0.3,  the  losses  will  be  two  thirds  of  the  amount  indicated  by  the 
curve  in  Fig.  339.  Similarly,  as  the  friction  loss  is  proportional  to 
the  pressure,  the  loss  for  a  pressure  of,  say,  0.2  kilogram  per  square 
centimetre  is  twice  the  value  obtained  from  the  curve. 

Effect  of  Speed  on  the  Dimensions  of  the  CommuUUor. 

In  order  to  illustrate  the  contrast  between  the  proportions  of  com- 
mutators of  low  speed  machines  and  those  of  high  speed  machines, 
the  leading  dimensions  of  the  commutators  of  two  500-kw.  500-volt 
machines,  running  at  125  and  2500  R.P.M.  respectively,  are  set 
forth  in  the  following  table.  A  complete  specification  of  these  two 
machines  has  been  given  on  page  367  of  Chapter  XV. 


Dimensions  of  Commutators  of  500  Kw.  500  Volt  Machines  for  125  and 
2500  Revolutions  per  Minute. 


Diameter  of  commutator cm. 

Length  of  segment     cm. 

Number  of  segments 

Width  of  (segment + insulation  at  periphery)     .    .  cm. 

Current  strength  of  machine amps. 

Current  density  at  contact  surface  .  amps,  per  sc^.  cm. 
Volts  drop  at  brush  contacts  (positive  plus  negative) 

PR  loss  at  brush  contacts watts 

Peripheral  speed  in  metres  per  second 

Friction  loss  in  watts  per  ampere 

Total  friction  loss watts 

Total  commutator  loss watts 

Cylindrical  surface  in  sq.  dm 

Watts  per  sq.  dm 


Speed  in  K.P.M. 

126. 

2500. 

200 

27 

13.5 

66 

1200 

64 

0.53 

1.3 

1000 

1000 

7 

7 

2 

2 

2000 

2000 

13 

35 

1.2 

2.5 

1200 

2500 

3200 

4500 

85 

56 

38 

80 

From  this  table  the  most  striking  contrast  is  observed,  as  regards 
the  ratio  of  the  diameter  of  the  commutator  to  its  length.  Whereas 
the  PR  loss  may  be  taken  at  the  same  value  for  both  machines, 
the  friction  loss  in  the  high  speed  machine  is  double  and  the  watts 
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per  square  decimetre  of  the  commutator  surface  reach  more  than 
twice  the  value  found  for  the  low  speed  machine. 

In  spite  of  the  tendency  towards  better  cooling  due  to  the  higher 
peripheral  speed  of  the  2500  R.P.M.  machine,  it  is  diflScult  or  im- 
possible to  make  such  ventilating  provision  as  would  bring  about  so 
small  a  rise  in  temperature  for  the  2500  R.P.M.  machine  as  that  which 
could  be  obtained  in  the  125  R.P.M.  machine. 

Cfunce  of  Carbon  Brushes.  —  For  low  speed  machines,  the  friction 
losses  do  not  assume  very  great  importance,  so  that  a  high  coefficient  of 
friction  is  not  particularly  disadvantageous.  But  where  high  periph- 
eral speeds  cannot  be  avoided,  the  friction  losses  require  to  be  kept  as 
low  as  possible.  Hence,  soft  carbons  are  preferable  from  the  point  of 
view  of  both  low  voltage  drop  and  low  friction  losses.  The  limita- 
tions, however,  are  both  mechanical  and  electrical,  for  not  only  do 
some  kinds  of  soft  carbon  brushes  wear  away  much  more  rapidly 
(and  this  is  particularly  evident  at  high  speeds),  but  a  fine  deposit 
from  the  brushes  remains  on  the  commutator,  and  may  occasion 
sparking  troubles.  For  many  cases,  another  limitation  to  the  soft 
brush  is  the  very  feature  of  its  higher  conductivity,  for  it  is  essential 
for  machines  having  a  high  reactance  voltage,  to  have  brushes  of  a 
high  resistance  to  assist  the  commutation.  Hence  resort  to  high 
conductivity  brushes  with  a  view  to  obtaining  the  advantages  of  less 
surface,  and  of  less  coefficient  of  friction  for  a  given  pressure  over  that 
surface,  is  not  always  practicable  in  high  speed  designs. 

The  design  and  adjustment  of  the  brush  holder  has  a  very  im- 
portant bearing  on  the  question  of  commutation  at  high  speeds.  It 
frequently  occurs  that  brushes  and  brush  holders  which  have  given 
every  satisfaction  on  a  large  number  of  machines,  prove  utter  fail- 
ures in  certain  individual  cases. 

In  an  article  published  in  Elektrotechnik  und  Maschineribau  *  it  is 
pointed  out  by  Molnar  that  brushes  made  of  anti-friction  metal  or  of 
any  other  alloy  containing  tin,  should  be  avoided,  as  at  the  higher 
temperatures,  the  tin  may  spread  over  the  commutator  surface  in  the 
form  of  an  oxide,  thereby  greatly  increasing  the  contact  resistance. 

Molnar  describes  the  process  of  manufacture  of  certain  grades  of 
carbon;  the  materials  generally  used  are  coal,  petroleum  coke,  lamj>- 
black,  and  the  remains  of  arc  lamp  carbons.  These,  or  mixtures  of 
them,  are  ground  to  a  fine  powder,  are  mixed  with  a  suitable  bind- 

*  Vol.  24,  pp.  842-846,  Oct.  21,  1906. 
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ing  medium  (mainly  tar),  pressed  into  moulds,  packed  into  crucibles 
with  carbon  dust,  and  subjected  to  the  heat  of  a  furnace.  The  carbon 
as  originally  employed  has  but  slight  conductivity.  In  the  doughy 
condition  in  which  it  is  pressed  into  the  moulds  it  has  neither  strength 
nor  hardness.  It  does  not  acquire  electrical  conductivity  nor  mechan- 
ical strength  until  subjected  to  the  baking  process,  and  the  degree 
to  which  these  attributes  are  acquired,  is  greater,  the  higher  the  tem- 
perature to  which  it  is  subjected.  Good  conductivity  is  obtained  as 
the  result  of  the  partial  change  of  the  carbon  into  graphite  during  the 
annealing  process.  Brushes  prepared  in  this  way  are  hard,  and  the 
hardness  is  greater,  the  greater  the  proportion  of  coal  or  coke  used  in 
the  original  mixture.  Softer  carbons  are  obtained  by  the  addition  of 
graphite,  and  the  degree  of  softness  is  greater,  the  greater  the  amount 
of  graphite  added. 

Graphite  as  mined  from  the  earth  is  stated  to  rarely  contain  ipore 
than  50  per  cent  carbon,  and  it  is  very  expensive  to  separate  this 
from  the  equal  quantity  of  earthy  and  organic  impurities.  Graphite 
as  obtained  by  means  of  the  electric  furnace  is  practically  pure 
carbon.  According  to  the  Le  Carbone  Company's  process  of  con- 
vertmg  the  carbon  into  graphite,  the  customary  annealing  is  fol- 
lowed by  a  process  of  placing  the  brushes  in  a  special  oven,  and 
there  subjecting  them  to  the  heat  of  the  electric  arc  in  an  atmosphere 
of  some  neutral  gas.  The  quality  of  the  graphite  is  considerably 
improved  by  this  process. 

The  brush  is  next  ground  to  the  required  shape,  and  its  posterior 
surface  is  coppered,  nickelled,  or  silvered,  in  order  to  improve  the 
contact  with  the  brush  holder.  In  some  cases  the  brushes  are  im- 
pregnated with  vaseline,  oil,  or  paraffin,  in  order  to  render  them 
self-lubricating,  and  thus  to  reduce  the  friction  loss.  In  these 
brushes  it  is  very  important  to  have  the  lubricating  medium  entirely 
free  from  acids,  and  for  this  reason  vaseline  is  the  most  suitable 
lubricant;  parafl^  is  not  to  be  recommended.  Molnar,  from  whose 
article  we  have  abstracted  the  preceding  paragraphs,  goes  on  to  state 
that  good  carbon  brushes  must  be  very  dense  and  homogeneous. 
Porous  brushes  are  liable  to  crumble  at  high  current  densities  or  when 
subjected  to  mechanical  vibration.  Hard  and  coarse  brushes  are  apt 
to  cut  the  commutator  and  also  to  disintegrate  at  high  peripheral 
speeds. 

Molnar  finds  that  brushes  constructed  of  alternate  layers  of  metal 
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and  carbon  are  liable  to  cleavage,  owing  to  the  diflference  in  the 
expansion  coefficients.  Brushes  consisting  of  a  mixture  of  metal  dust 
and  carbon  have  generally  been  found  unsuitable  for  use  with  com- 
mutators, owing  partly  to  their  weight  and  partly  to  their  unfavour- 
able commutating  quaUties.  They  are,  however,  to  be  recommended 
for  use  on  slip  rings,  as  they  are  capable  of  standing  higher  current 
densities  than  ordinary  carbon  brushes. 

Attempts  have  been  made  to  construct  brushes  from  several  graph- 
ite slabs,  each  component  slab  having  such  composition  as  to  endow 
it  with  suitable  conductivity.  These  component  slabs  are  laid  upon 
one  another  with  suitable  binding  material  interposed,  and  are  baked 
together  into  a  compound  brush.  By  this  means  the  forward  edge 
of  a  brush  may  have  a  suitably  high  resistance,  and  this  may  be 
graded  until  at  the  heel  the  resistance  is  much  lower. 

While  most  manufacturers  have  employed  processes  in  which  either 
carbon  is  more  or  less  transformed  into  graphite,  or  else  a  proportion 
of  graphite  is  added  at  a  certain  sjage  of  the  process,  other  manu- 
facturers have  employed  various  proportions  of  graphite  and  clay  for 
the  purpose  of  obtaining  the  desired  conductivity.  The  graphite  and 
clay  are  mixed  into  a  plastic  mass,  which  is  then  formed  and  baked. 
This  tjTpe  of  brush  is  generally  proportioned  for  rather  high  resist- 
ance, and  hence  have  arisen  confusingly  divergent  statements  with 
regard  to  the  conductivity  of  graphite  brushes.  Prepared  by  the  first 
described  processes,  graphite  brushes  generally  have  much  higher 
conductivity  than  ordinary  carbon  brushes,  whereas  when  prepared  by 
the  last  mentioned  process,  their  conductivity  may  be  much  lower 
than  that  of  ordinary  carbon  brushes. 

Bailey  and  Cleghome  *  have  recently  investigated  the  question  of 
contact  resistance.  After  obtaining  some  curves  showing  the  rela- 
tion between  current  density,  voltage  drop,  peripheral  speed,  and  total 
losses,  they  investigated  the  consequences  of  using  paraffin  wax  as  a 
lubricant.  By  this  means  the  friction  losses  were  decreased  to  about 
one  fifth,  without  materially  increasing  the  voltage  drop.  The  drop, 
however,  varied  considerably  with  the  speed,  and  when  the  ring  was 
stationary,  the  resistance  was  very  irregular,  and  often  rose  to  what 
was  practically  total  insulation. 

The  curves  shown  in  Fig.  340  are  due  to  Noeggerath;  they  show 

♦  Electrician,  Vol.  58,  pp.  202-204,  Nov.  23,  1906. 
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the  voltage  drop  between  copper  brushes  and  a  cast  steel  ring  for  a 
peripheral  speed  of  50  metres  per  second,  and  also  when  the  ring  is 
stationary.  The  curves  in  Fig.  341  show  the  losses  and  the  tem- 
perature rise  in  the  twenty-four  slip  rings  of  the  homopolar  machine 


200     400      600      800     1000    1200    1400 
Amperes 

Fig.  340.  —  Noeggerath's  tests  of  volta^  drop  between  copper  brushes 

and  a  cast  steel  ring. 

described  on  page  458  of  Chapter  XVIII.  Noeggerath  points  out  that 
pressures  from  ten  to  twenty  times  higher  than  normal  were  often 
required  to  start  the  flow  of  current.  The  increase  of  brush  pressure 
does  not  decrease  the  voltage  drop  to  any  great  extent,  but  the 
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Fig.  341.  —  Total  losses  in  the  steel  slip  rings  of  Noeggerath's  900  k.w. 
homopolar  machine. 

sparking  tendency  at  high  speeds  and  densities  necessitates  high 
pressures. 

Compound  Brushes.  —  Before  considering  the  question  of  com- 
pound brushes,  it  is  well  to  summarise  the  chief  advantages  and  dis- 
advantages of  the  carbon  brush. 
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Carbon  brushes  have  a  much  lower  conductivity  than  copper,  the 
ratio  for  the  contact  resistance  being  about  ten  to  one;  furthermore 
the  coefficient  of  friction  is  somewhat  higher  for  the  carbon  brush. 
The  coefficient  may  be  taken  at  0.2  for  copper  brushes  as  against  from 
0.2  to  0.3  for  carbon  brushes.  Thus  the  commutator  losses,  as  we 
have  already  pointed  out,  are  very  largely  increased  by  the  employ- 
ment of  carbon  brushes. 


Fig.  342.  —  Burleigh's  construction  for  compound  brushes. 


Several  proposals  have  been  put  forward  with  the  object  of  ob- 
taining the  advantage  of  high  conductivity  without  the  objectionable 
feature  of  a  low  transverse  resistance.  The  first  step  in  this  direction 
was  to  use  laminated  brushes.  It  has  repeatedly  been  suggested 
that  brushes  might  be  built  up  of  alternate  layers  of  copper  and 
insulation,  laminated  normally  to  the  direction  of  rotation  of  the 
commutator.  An  interesting  design  on  these  lines  is  that  devised  by 
Burleigh,  and  shown  in  Fig.  342.* 

Somewhat  the  same  principle  is  employed  in  a  brush  made  by  the 
National  Carbon  Company.    This  is  a  carbon  brush  interwoven  with 

*  Electrical  Review,  Vol.  54,  page  940. 
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sheets  of  copper  gauze.  The  chief  difficulty  to  which  attention  has 
to  be  paid  with  such  a  brush  is  the  uneven  wear  of  the  copper  and 
the  carbon. 

The  "Endruweit"  (or  "Galvano"  brush,  as  it  is  sometimes  caUed) 
is  manufactured  by  The  Galvanic  Metal  Paper  Company  of  Berlin. 
In  this  type  of  brush  the  carbon  is  interleaved  with  exceedingly  thin 
laminations  of  copper.  The  conductivity  of  the  brush  can  be  varied 
by  altering  the  relative  proportions  of  copper  and  carbon.  When  a 
very  high  conductivity  brush  is  required,  so  much  copper  is  used  that, 
if  the  brush  be  at  all  thin,  it  is  quite  pliable  in  spite  of  the  alternate 
layers  of  carbon.  From  an  examination  of  such  brushes,  it  appears 
that  they  are  probably  formed  by  a  continuous  winding  of  copper 
foil  interleaved  with  paper.  When  the  material  has  attained  suffi- 
cient size,  it  is  finished  off  with  a  final  layer  of  copper,  and  is  subjected 
to  a  high  pressure  and  brought  to  the  required  shape.  Meanwhile 
the  paper  is  carbonised  by  an  incandescent  process.  The  resulting 
brush  shows  quite  distinctly  the  alternate  layers  of  copper  and  carbon. 
This  process  would  probably  be  unsuitable  for  brushes  with  only 
a -small  proportion  of  copper;  in  this  case  an  examination  of  the 
brushes  indicates  that  resort  has  been  made  to  electrolytically  de- 
positing copper  on  thin  slabs  of  carbon.  These  component  slabs  are 
then  suitably  combined  into  a  stratified  brush  by  an  incandescent 
process  which  the  makers  do  not  divulge. 

The  most  important  consideration  in  the  use  of  these  brushes  is  to 
keep  the  commutator  surface  in  good  condition.  Unless  the  surface 
is  both  smooth  and  true,  trouble  is  experienced  from  the  rapid  and 
uneven  wear  either  of  the  brushes  or  of  the  commutator,  according 
to  the  relative  hardness  of  each.  "Endruweit"  brushes  are  widely 
employed  on  turbo-generators,  and  they  have  been  found  to  give  good 
satisfaction  on  commutators  with  a  good  polished  surface. 

A  somewhat  similar  development  for  the  carbon  brush  has  been 
instituted  by  the  Morgan  Crucible  Company,  who,  amongst  their  many 
types  of  brush,  manufacture  graphite  brushes  with  a  distinct  grain, 
such  that  the  conductivity  along  the  grain  is  very  much  higher  than 
the  conductivity  across  the  grain.  The  specific  resistance  varies  with 
the  actual  grade  employed,  but  it  is  of  the  order  of  2000  and  16,000 
ohms  per  cubic  centimetre  with  and  across  the  grain  respectively, 
so  that  brushes  of  this  construction  offer  a  resistance  to  transverse 
currents,  some  eight  times  more  than  the  corresponding  resistance 
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to  the  working  currents.  It  must,  however,  be  remembered  that  by 
far  the  greater  part  of  the  resistance  is  due  to  the  resistance  of  con- 
tact at  the  surface  of  the  brush,  so  that  the  advantage  gained  by  the 
use  of  such  brushes  is  not  as  large  as  might  appear  at  first  sight. 
Such  brushes  have,  however,  sometimes  been  fotmd  useful  in  large 
machines  with  poor  commutating  constants,  and  have  found  consid- 
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Fig.  343.  —  Variation  of  contact  resistance  and  voltage  drop  with  current 
density  for  Moi^ganite  brushes. 

erable  favour.  These  brushes  afford  a  very  good  instance  of  another 
important  condition  that  affects  the  satisfactory  commutation  of  a 
machine;  the  material  is  somewhat  softer  than  the  ordinary  carbon 
used  for  brushes,  and  has  a  lower  coefficient  of  friction;  the  results, 
however,  show  that  unless  the  commutator  has  a  dean^  smooth  surface, 
they  may  be  even  less  satisfactory  than  ordinary  brushes.  In  very 
many  cases,  however,  excellent  results  are  being  obtfiuned  with 
Morganite  brushes. 
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The  curves  shown  in  Figs.  343  and  344  have  been  kindly  placed  at 
our  disposal  by  the  Morgan  Crucible  Company.  Fig.  343  shows  the 
contact  resistance  and  voltage  drop  for  various  pressures  and  densities. 
In  the  experiments,  a  carbon  brush  was  used  on  a  copper  ring,  and 
the  current  in  each  case  was  flowing  from  brush  to  ring;  the  curves 
apply  for  all  speeds  between  5  and  50  metres  per  second.  Fig.  344 
represents  the  total  commutator  losses  for  different  speeds,  and  the 
curves  include  the  loss  due  to  the  resistance  of  both  positive  and 
negative  brushes,  and  also  the  friction  losses.  For  all  these  curves  a 
pressure  of  0.2  kilogram  per  square  centimetre,  a  friction  coefficient 
of  0.2  or  less,  and  a  temperature  rise  of  45  degrees  C.  are  assumed. 


A-Copper 
B-0arbon 

Fig.  345.  —  Typical  arrangement  of  brush  gear  for  pilot  brushes. 

Ceylon  graphite  is  stated  to  be  employed  in  the  manufacture  of 
Morganite  brushes.  It  is  said  that  this  is  ground  fine  and  mixed  with 
a  gelatine  solution,  and  that  the  material,  after  drying,  is  mixed  a 
second  time,  and  is  finally  formed  under  heavy  pressure.  It  is  statal 
that  the  brushes  are  not  baked.  The  degree  of  hardness  appears  to 
be  partly  controlknl  by  the  jxTcentage  of  gelatine. 

Among  other  developments  in  the  direction  of  compound  brushes 
should  be  mentioned  the  use  of  pilot  brushes  of  a  high  resistance 
material,  while  relying  on  brushes  of  good  conductivity  to  collect  the 
bulk  of  the  current.  Fig.  345  is  a  diagrammatical  indication  of  this 
arrangement.  The  main  current  passes  through  the  copper  brush 
"-A,"  while  the  brush  "5"  serves  as  a  pilot.  With  such  an  arrange- 
ment of  brush  gear,  a  wide  range  of  combinations  is  made  possible 
by  the  use  of  compound  brushes.     To  mention  one  example  of  this, 
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the  brushes  employed  on  the  1000-kw.  Brown  Boveri  generator 
referred  to  on  page  431  of  Chapter  XVIII,  consist  of  twelve  sets  of 
*'Galvano"*  metallic  brushes  with  six  sets  of  "Morganite''  brushes 
as  pilots. 

Fig.  346  shows  a  type  of  brush  gear  which  has  been  employed 
by  Messrs.  Brown,  Boveri  for  this  purpose.  The  brush  spindles  are 
supported  by  rocker  rings  at  each  end.  One  of  these  rocker  rings  is 
made  specially  massive  in  order  to  serve  as  an  end  shield  for  the  stator. 


Fig.  346.  —  Brown  Boveri  brush  gear  for  turbo-generatorB,  showing  pilot  brushes. 

It  will  be  clearly  seen  from  this  figure  that  several  of  the  brush  holders 
are  built  to  hold  a  pilot  brush  as  well  as  a  main  brush. 

The  use  of  pilot  carbons  is  somewhat  analogous  to  the  use  of  spark- 
ing blocks  on  switch  gear,  but  there  is  this  difference  in  the  conditions : 
in  a  switch,  all  the  current  is  flowing  in  the  same  direction,  whether 
through  the  carbon  contacts,  or  through  the  metal  contacts,  but,  in 
a  commutator  brush,  the  transverse  currents  partly  assist  and  partly 
oppose  the  working  currents.  The  effect  of  this  is  to  make  the  result- 
ant current  at  one  tip  of  the  brush  larger  than  the  resultant  current 
at  the  opposite  tip,  since  the  contact  resistance  decreases  with  the 

*  Also  called  "  Endruweit "  brusha*?. 
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current  density.  The  end  of  the  brush  tips  having  the  larger 
current,  due  to  the  presence  of  the  transverse  currents,  will  carry  a 
still  larger  proportion  of  the  main  current,  owing  to  the  fall  in  resist- 
ance. The  effect  of  this  is  to  tend  to  cause  an  undue  proportion  of 
the  current  to  enter  at  one  tip  of  the  brush,  the  other  tip  being  com- 
paratively idle.  Hence  the  contact  surface  that  must  be  allowed  is 
considerably  greater  than  would  be  necessary  with  a  uniform  distri- 
bution over  the  entire  contact  surface. 

Another  form  of  brush  which  aims  at  combining  the  lubricating 
and  commutating  qualities  of  carbon  with  the  high  conductivity  and 
low  friction  coefficient  of  metals  is  the  "  Bronskohl "  brush  made  by 
the  Aktiebolaget  Bronskohl  of  Stockholm,  Sweden. 

This  brush  is  made  of  copper  and  tin  coated  graphite  powder, 
compressed  and  heated,  forming  a  homogeneous  material.  It  is 
stated  that  by  varying  the  proportions  and  the  pressure,  the  specific 
gravity,  hardness,  strength,  conductivity  and  contact  resistance  may 
be  suited  to  requirements  within  wide  limits.  The  brush  losses  are 
reduced  to  a  large  extent  by  this  brush  as  shown  by  the  curves  in 
Fig.  347,  which  are  published  by  the  manufacturers.  The  dotted 
curves  relate  to  ordinary  carbon  brushes,  and  the  full  line  curves  to 
Bronskohl  brushes.  The  voltage  drop  at  the  brush  contacts  is  stated 
to  be  0.2  volt  for  these  brushes,  at  a  current  density  from  30  to  50 
amperes  per  square  centimetre. 

Brush  Holders.  —  The  design  of  the  brush  gear  for  high  speed 
machinery  is  a  matter  of  first  importance.  The  chief  points  to  be 
observed  in  the  construction  of  the  brush  gear  may  be.  briefly  stated 
as  follows:  — 

(a)  The  collection  of  the  current  from  the  brush.  Flexible  copper 
connections  are  almost  always  employed  for  carbon  brushes,  and  the 
most  important  consideration  is  the  method  of  fixing  the  connection 
to  the  brush.  Solder  is  often  employed,  but  it  is  not  to  be  recom- 
mended, and  should  be  replaced  by  a  mechanical  clip  of  some  kind. 

(6)  The  pressure  on  the  brush.  This  is  most  frequently  obtained 
from  some  form  of  spring,  which  should  be  capable  of  easy  adjust- 
ment. The  spring  must  be  arranged  so  that  the  wear  of  the  carbon 
shall  not  appreciably  alter  the  pressure  at  the  brush  contact. 

(c)  The  moving  parts  of  the  brush  holder  should  be  constructed 
to  have  the  smallest  inertia  that  can  be  obtained  without  sacrific- 
ing rigidity.    This  consideration  has  frequently  led  to  the  use  of 
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aluminium;  and  satisfactory  results  have  been  obtained  with  such 


(d)  Friction  should  be  reduced  to  a  minimum  by  careful  design 
and  workmanship. 

(fi)  It  is  preferable  to  have  the  required  aggregate  contact  sur- 
faces made  up  from  as  many  independent  component  brushes  and 
brush  holders  as  possible^  so  far  as  relates  to  obtaining  the  best  results 
when  each  brush  is  at  its  best  adjustment. 

The  Collection  of  Current  from  the  Brush.  —  In  brush  holders  of 
the  types  shown  in  Figs.  349  and  350  the  brush  is  in  rigid  and  good  elec- 
trical connection  with  its  holder.  If  the  arm  is  free  to  move  on  the 
spindle  the  current  has  to  pass  through  the  working  joint  which  is  not 
in  itself  of  suflBciently  good  conductivity.  Hence  the  brush  itself,  or 
the  arm  to  which  it  is  rigidly  connected,  should  be  connected  to  the 
brush  spindle,  or  to  some  part  of  the  brush  mechanism  in  rigid  con- 
nection with  the  brush  spindle.  This  is  usually  effected  by  means 
of  a  flexible  copper  connector  securely  fixed  to  the  brush  or  to  the 
brush  arm. 

In  other  tjrpes  of  brush  gear  where  the  brush  is  not  rigidly  connected 
to  any  part  of  the  brush  mechanism,  as  in  Figs.  351  and  352,  the 
flexible  connector  must  be  securely  attached  to  the  brush  itself. 

The  mode  of  attachment  of  the  connector  or  "  pigtail  "  is  a  problem 
in  the  manufacture  of  brushes.  Solder  has  been  employed  to  fix  the 
connector  direct  to  the  brush  or  to  a  surface  of  the  brush  through 
the  medium  of  a  copper  plate.  This  method  is  unsatisfactory,  as  the 
solder  is  liable  to  melt  when  the  brushes  heat. 

A  variety  of  alternative  methods  of  attachment  have  been  employed 
which  consist  chiefly  either  in  the  embedding  of  the  pigtail  in  the 
carbon,  or  clamping  it  on  with  some  form  of  metal  clip.  In  the  former 
class  the  pigtail  is  generally  embedded  during  the  making  of  the 
brush. 

A  number  of  methods  are  illustrated  in  Fig.  348.  Fig.  (a)  shows 
a  simple  flexible  embedded  in  the  carbon.  Fig.  (6)  represents  a 
method  employed  in  some  of  the  Morganite  brushes;  the  pigtail  is 
inserted  in  a  hole  in  the  brush,  the  hole  being  slightly  larger  than  the 
flexible  cable;  the  latter  is  spread  at  its  lower  end,  and  the  intervening 
space  filled  with  carbon  pressed  in  tightly.  Fig.  (c)  illustrates  a 
type  known  as  "  expansion  pigtail  "  of  the  National  Carbon  Company. 
Figs,  (d)  and  (e)  are  methods  employed  by  the  same  firm  in  which  a 
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metal  clip  is  utilised  to  clamp  the  pigtail  on  to  the  brush.  Fig.  (/) 
shows  a  method  employed  by  the  Le  Carbone  Co.  Fig.  (g)  illustrates 
a  method  which  has  been  employed  with  graded  Morganite  brushes. 
The  cUp  of  metal  covering  the  whole  of  the  upper  surface  of  the  brush 
ensures  that  the  current  is  carried  by  the  entire  brush.  It  was  found 
that  with  these  graded  brushes  the  current  tended  to  concentrate  at 
the  section  of  least  resistance  and  the  construction  employed  ensures 
that  the  flexible  connector  makes  contact  with  the  entire  surface  of 
the  brush. 

The  chief  points  to  be  observed  in  the  attachment  of  the  pigtail 
comprise  making  a  sound  mechanical  and  electrical  joint  which  will 
not  give  way  from  any  causes,  such  as  vibration  or  heating. 

The  Pressure  on  the  Brush. — The  various  common  types  of  brush 
holders  may  be  classified  into  four  standard  types: 

1.  Arm  or  lever  type. 

2.  Spring  arm  type. 

3.  Box  type. 

4.  Reaction  type. 

1.  The  arm  or  lever  type  consists  essentially  of  two  parts,  one  free 
to  rotate  about  the  brush  spindle,  and  the  other  capable  of  being 
rigidly  clamped  to  the  brush  spindle.  The  former  constitutes  the  arm 
and  carries  the  brush  at  its  end ;  the  latter  part  is  connected  to  the 
arm  through  the  medium  of  a  spiral  or  flat  spring  by  means  of  which 
pressure  is  exerted  on  the  brush.  The  pressure  is  varied  by  adjusting 
the  position  on  the  spindle  of  the  second  part  which  is  clamped  thereto. 
In  this  type  of  holder  the  pressure  is  obtained  through  the  medium  of 
the  lever,  and  as  the  brush  wears,  it  moves  about  the  brush  spindle  as 
centre.  Fig.  349  illustrates  a  brush  holder  of  this  type  with  a  flat 
spring  for  the  pressure. 

2.  The  spring  arm  type  consists,  when  assembled,  of  one  rigid 
piece  as  indicated  in  Fig.  350.  The  arm  of  the  brush  holder  consists 
of  a  flat  spring,  one  end  of  which  carries  the  brush  and  the  other  end 
of  which  is  clamped  on  to  the  brush  spindle.  The  pressure  is  exerted 
by  the  springy  action  of  the  ann.  It  is  varied  by  varying  the  position 
of  the  clamped  end  on  the  brush  spindle. 

3.  The  box-type  holder  consists  mainly  of  a  neutral  box  enveloping 
the  brush  and  open  at  both  ends  to  permit  the  brush  to  project  and 
press  radially  on  the  commutator.    Pressure  is  exerted  directly  on 
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the  end  of  the  brush  projecting  through  the  outer  end  of  the  box,  by 
means  of  a  spiral  or  flat  spring,  the  brush  being  free  to  slide  into 
the  box  as  it  wears  away.  Fig.  351  illustrates  a  brush  holder  of 
this  type. 

4.  The  reaction  type,  which  is  illustrated  in  Fig.  352,  consists  of  a 
piece  of  metal  rigidly  fixed  to  the  brush  spindle,  and  against  one 
face  of  which  the  brush  rests.  Pressure  is  obtained  at  the  outer  end 
of  the  brush  by  means  of  the  pressure  of  a  spiral  spring  exerted  on  an 
arm  piece  which  is  free  on  the  brush  spindle.  This  arrangement 
presses  the  brush  on  the  commutator,  and  also  holds  it  in  its  place 
against  the  metal  foundation.  The  pressure  on  the  brush  is  varied 
by  altering  the  position  of  the  spring  in  the  notches  cut  in  the  arm 
piece  for  that  purpose.  The  direction  of  rotation  of  the  commutator 
should  be  that  indicated  by  the  arrow,  as  otherwise  the  action  is 
frequently  not  smooth. 

The  designs  shown  in  Figs.  34^352  are  typical,  practical  examples 
of  these  types.  A  very  large  number  of  brush-holder  designs  are  in 
use,  but  they  are  mostly  modifications,  to  a  greater  or  less  degree,  of 
the  four  above  types. 

In  both  types  (1)  and  (2)  the  pressure  is  obtained  through  a  spring, 
one  end  of  which  is  clamped  rigidly  to  the  brush  spindle.  Conse- 
quently, as  the  brush  wears,  the  pressure  decreases  and  adjustment 
becomes  necessary. 

In  types  (3)  and  (4)  the  pressure  is  exerted  directly  upon  the 
brush  through  the  medium  of  the  spring,  and  the  pressure  is  un- 
affected by  the  wear  of  the  brush  (until  the  wear  becomes  excessive 
and  the  brushes  require  renewal). 

It  is  desirable  to  arrange  for  the  pressure  to  be  applied  directly  to 
the  brush,  and  preferably  in  the  direction  of  the  axis  of  the  brush. 
In  this  case  the  pressure  is  radial  on  the  commutator  and  evenly 
distributed  over  the  whole  of  the  brush  surface,  so  that  the  wear  is 
also  evenly  distributed.  In  brush  holders  of  the  types  (1)  and  (2) 
above,  the  wear  is  greatest  at  the  edge  of  the  brush  nearest  the  spring 
or  the  brush  spindle.  Furthermore  in  types  (3)  and  (4)  the  brush 
itself  is  free  to  move  as  it  wears,  and  there  are  no  other  parts  of  the 
brush  mechanism  rigidly  connected  to  it.  In  designs  where  the 
brush  is  left  free  in  this  way,  the  moving  parts  have  the  smallest 
inertia,  and  respond  more  readily  to  variations  in  the  truth  of  the 
commutator. 
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pneumatic  brush  holder. 


Fig.  353.  —  Morgan  Crucible  Company's  spring  brush 
holder  for  high  speeds. 
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The  above  discussion  relates  to  brush  holders  in  which  the  pressure 
is  obtained  by  means  of  a  spring.  Another  example  which  varies 
considerably  in  constructional  detail,  but  is  based  on  the  same  general 
principles  as  the  above,  is  illustrated  in  Fig.  353. 

For  a  more  detailed  analysis  of  the  design  of  brush  holders,  ref- 
erence should  be  made  to  some  of  the  standard  works  on  Dynamo 
Design.  It  should  be  mentioned,  however,  that  most  of  the  diffi- 
culties generally  discussed  in  these  treatises  are  greatly  intensified  in 
high  speed  machines.  As  an  example  of  a  brush  holder  designed  for 
peripheral  speeds  up  to  40  metres  per  second.  Fig.  353  shows  a 
type  employed  by  the  Morgan  Crucible  Company.  The  brush  holders 
are  mounted  on  a  rod  of  D  section,  and  a  similar  rod  conveys  the 
current  from  the  flexible  connectors.  The  pressure  is  obtained  from  a 
spring,  as  shown,  and  is  conveyed  by  means  of  links,  which  produce  a 
parallel  motion  for  the  brush. 

In  a  more  elaborate  design  by  the  same  firm,  the  pressure  is  obtained 
by  means  of  compressed  air,  which  provides  a  very  flexible  method  of 
adjusting  the  pressure  on  the  brushes,  and  avoids  the  difficulty  of  the 
pressure  altering  as  the  brush  wears  away.  A  section  of  the  cylinder 
is  shown  in  Fig.  354.  The  compressed  air  is  led  through  a  series 
of  channels  to  the  rubber  bag  K,  and  exerts  a  downward  pressure 
on  the  plunger  F;  this  pressure  is  transmitted  by  a  close  wound 
steel  spring  G  to  an  ebonite  nipple  H  which  is  spherically  shaped 
at  the  lower  end,  to  bed  into  the  top  of  the  carbon  brush  as  shown 
in  Fig.  355. 

The  rubber  bag  K  is  coated  with  silk  and  is  provided  with  a 
sealing  valve  to  isolate  the  holder  in  the  event  of  the  bursting  of 
the  bag.  This  is  obtained  by  the  action  of  the  rubber  diaphragm 
between  the  washer  L  and  the  plug  M)  the  normal  path  for  the  air 
is  through  a  channel  or  groove  in  the  plug  /,  past  the  brass  washer 
L  and  the  rubber  diaphragm,  through  a  similar  channel  in  the  plug 
Jlf ,  and  finally  through  the  small  hole  to  the  bore  of  the  plug, 
whence  it  has  easy  access  to  the  interior  of  the  rubber  bag.  The 
rubber  diaphragm,  being  subject  to  equal  pressures  on  each  side,  will 
remain  flat,  as  shown  in  the  drawing.  If,  however,  the  rubber  bag 
bursts,  the  difference  in  pressure  between  the  two  sides  of  the  dia- 
phragm causes  it  to  bulge  downwards,  and  this  at  once  closes  the 
small  hole  in  the  plug  M. 

The  effect  of  this  valve  is  to  automatically  cut  oflf  the  supply  of 
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Fig.  355.  — Moiigan  Crucible  Company's  pneumatic  brush  holder. 
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air  to  a  holder  as  soon  as  the  bursting  of  the  bag  produces  this  differ- 
ence of  pressure.  The  plunger  F  also  contains  a  groove  (not  shown 
in  the  figure)  which  by  means  of  a  screw  in  the  cylinder  E  provides 
a  stop  to  limit  the  travel  of  the  plunger. 

Fig.  355  shows  this  type  of  brush  holder  fitted  to  a  grooved  com- 
mutator, which  is  a  device  that  has  often  been  tried  with  the  object 
of  avoiding  excessively  long  commutators.  It  is  very  doubtful,  how- 
ever, whether  it  is  good  practice  to  use  these  grooved  commutators. 
While  they  reduce  the  first  cost  of  the  machines,  it  is  doubtful  whether 
they  commutate  so  successfully  as  smooth  commutators. 

Pneumatic  brush  holders  have,  no  doubt,  several  advantages,  but 
it  should  be  remembered  that  a  further  source  of  breakdown  is  intro- 
duced; and  though  breakdowns  to  the  pneumatic  plant  may  be  im- 
probable,  yet  when  they  do  occur  the  generator  is  put  completely  out 
of  action.  It  occurs  to  us,  however,  that  such  a  holder  might  be 
provided  with  springs  in  case  of  such  emergency,  the  springs  being 
out  of  action  so  long  as  the  pneumatic  pressure  is  in  working  order. 
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6000  kva.,  4,  6  and  8-pole  designs  for  different  frequencies  ....       197  et  seq 

Comparison  with  1500  and  3000  kva.  machines      209-217 

Discussion      205-208 

Excitation  data S2-S7  table  and  figs. 

Outline  drawings,  198  —  for  8-pole  machine 210 

Saturation  curves 199-201 

Specifications,  201-204  —  for  8-pole  machine 211-214 

3000  kva.  alternators  for  various  speeds  and  numbers  of  poles,  develop- 
ment       156-168 

25-cycle  designs: 

Armature  core  plates,  effect  of  grade 47-49,  183 

Specification    and     outline     drawings     for    3-phase,     11,000    volt 

designs 168-170 

Speed,  Discussion  of  influence  on 170  et  seq 

Weights  and  costs  of  effective  material 170,  17S  et  seq 

1500-R.P.M.,  2-pole  and  750-R.P.M.,  4-pole  designs,  data  and  com- 
parison        181-184 

50-cycle  designs: 

Pressure  regulation 71  et  seq 

Specification  and  outline  drawings  for  11,000  volt  designs,  184-187, 210-214 

Speed,  Influence  of 188  et  seq 

Weights  and  costs  of  effective  material 187,  190  et  seq 

Comparison  of  25-  and  50-cycle  machines 184-196 

Comparison  with  1500  kva.  and  6000  kva.  designs 210-217 

Slots  and  teeth.  Determination  of 165 

Heating  coefficients  for  several  generators 35;  tables^  33,  34;  fi^.  32 

High  17.  Low  Speed  Generator,  see  Low  v.  High  Speed  Generator. 

Leading  data  for  30  alternators 99-102 

Low  and  high  speed  generator: 

Pressure  regulation 90 

Specifications  and  comparison 95-99,  fig.  94 

Temperature  rise 89 

Magnetic  flux  per  pole 91 

Output  coefficients 10-14 

Inter-relation  of 7 

Polyphase  machines: 
Output  coefficient: 

Air  gap   diameter,    relation   between,    11  —  Influence   of   speed 

13,  106,  figs.  104,  105 

Rated  output,  Relation  between,  10  —  Influence  of  speed 12 

Weight  coefficient  and  air  gap  diameter.  Relation  between  ....       19,  /i^.  18 

Weight  coefficients  of  several  alternators tdUe  20 

Pressure  regulation 65  et  seq 

Additional  ampere  turns 66-77 

Demagnetising 66-74,  78 

Magnetic  leakage.  Turns  for  increased      76,  78 

Reactance  voltage.  Turns  required  for 74->76 
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Alternating  current  machinery.  —  CanHnued. 

Effect  of  on  ff  and  ^ 9,  15 

High  V,  low  speed  altematoiB 90 

Rotating  annature  and  field  syBtems,  see  those  titles. 
Speed  and  number  of  poles,  Influence  on: 

400  kva.  alternators 131  et  seq 

3000  kva.  alternators 156  et  seq 

High  speeds,  Development  of 1 

Designs  for  6000  kva.  and  study  of  laige  designs  in  general     ....  197  et  9eq 

Most  appcopriate  for  A.  C.  Machineiy 4,  218,  324 

Behiend's  curve 95 

Stresses  in  rotating  field  systems 126,  305  et  9eq 

Temperature  rise 28 

Influence  of  rated  speed  on 88-90 

Thermal  calculations 2Sel  aeq 

Turbo-alternators,  Examples  of 276  et  seq 

British  Thomson-Houston  Company 284-294 

Brown  Boveri  and  Ck)mpany 283 

Heyland  self-compounding  2-pole  machines 301-303 

Rotating  armature  and  field.  Comparison 304 

Oerlikon  Company    . 276-283 

Scott  and  Moimtain 295-301 

Ventilation  ooeflicient: 

Determination  of 39 

Method  of  calculation  and  use 40 

Voltage  coefficient 7,9,  14,  fig.  112 

Water  wheel  generators,  Field  construction  for 272 

Weight  coefficients 6,  18-24 

400-kva.,  60-cycle  alternators: 

Armature  core  plates,  Effect  of  grade  on  cost  and  quality 49-52 

Specifications  and  outline  drawings 133-137 

Speed  and  number  of  poles.  Influence  on  designs 131  et  seq 

Ampere  turns,  see  Armature  ampere  turns. 

Angle  brackets  for  retaining  field  coib 267,  fi^f.  26 

Stresses  in      309 

Angle  of  lag.  Internal,  in  large  turbo-alternators 92 

Angular  speed,  see  Speeds,  angular. 

Arm  type  spring  pressure  brush  holder 489  and  fig. 

Armature: 
Ampere  turns: 
Additional  field: 

Demagnetizing  component,  66-74,  78  —  Relative  magnitude 91 

Magnetic  leakage,  A.  T.'s  for  increased 66,  76,  78,  91 

Reactance  voltage,  Turns  required  for 66,  74-76,  91 

Distorting  component      73,  78 

Field  turns: 

Air  gap  in  650  kva.  alternators      121 

Iron,  Ratio  of  to  air  gap  A.  T.'s 80 

Per  cm.  of  periphery,  Influence  of  value  on  reactance  voltage  of  C.  C. 

machines,  noU 337,  338-^42 

Per  pole(ni),  see  Armature  strength. 
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Armature.  —  ConHnued. 

Body:  ^ 

650  kva.  alternator      119 

1000  kw.  C.  C.  generator,  Stress  calciilations 461 

Thermal  calculations 30 

Conductors,  see  that  title. 

Core,  External  diameter  for  3000  kva.  alternators 167 

Core  plates 45 

Brown  Boveri  C.  C.  turbo-dynamo 426 

Cost 57 

Customary  dimensions 53 

Depth  of,  in  650  kva.  alternator 118 

Epstein  method  of  testing 52 

Figure  of  loss 53-57 

Oerlikon  rotating  fields 255 

Permeability,  Saturation  curves  showing 59 

Special  low  loss  sheet  iron  for ^5  et  seq 

Cost 57 

Figure  of  loss • 55,  56 

Weight,  Reduction  in,  Advantages  of  rotating  armature    .« 154 

750  kw.,  250-volt,  1500-R.P.M.  C.  C.  generator 443 

Diameter  and  output  coefficient.  Relation  between  for  C.  C.  machines  ...  15 

Dimensions  [D^  Xg] : 

Dependent  on  a  and  p, 9,  17 

Jlated  speed.  Relation  between,  for  3000  kva.  alternators  for  different 

speeds 170,  171,188 

Weight  coefficient.  Relation  between 22  et  seq 

Distortion  in  C.  C.  Machines,  Neutralizing 418 

Heating  coefficients,  see  Heating  coefficients. 

Inductance  calculations  for  650  kva.  alternators 123 

Interference,  see  Reactance  Voltage. 

Iron  Loss,  eee  Losses. 

Laminations,  see  Armature  Core  Plates. 

Losses,  see  Losses. 

Ratio  of  diameter  to  core  length  -r-  for  30  alternators  of  various  speeds  and 

outputs 100,  101 

Reactions  and  regulation.  Calculations  for  650  kva.  alternator    ....     123-125 

Rotating,  see  that  title. 

Specific  Magnetic  and  Electric  Loading,  see  Specific  Utilization  Coefficients. 

Stampings,  see  Armature  Core  Plates. 

Stationary,  Specific  temperature  rise  of  field  coils      41,  43 

Strength  (ni): 

Air  gap  depth.  Flux  and  number  of  poles.  Relation  between  for  300  kva. 

alternators  for  various  speeds 175-178  and  figs. 

Calculation,  67  —  for  650  kva.  alternator 115 

Comparison  between  1500,  3000  and  6000  kva.  alternators  .    .    .     216,  figs.  215 

Reactance  voltage,  Relation  between  in  C.  C.  machines 336  et  seq 

6000  kva.  alternators 208,  fig,  207 

Strong  and  weak 80 

Temperature  rise,  Methods  of  estimating 27  et  seq 
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Armature.  —  Continued. 

Turns  and  flux  for  3000  kva.  alternators 158,  159 

Ventilated  revolving  armatures,  Thermal  calculations 28 

Windings  for  turbo-alternators,  see  Windings,  A.  C. 

Austrian  Union  Company,  Method  of  reducing  stresses  in  end  connections .   .     421 

Auxiliary  commutating  poles  of  750-kw.,  250- volt,  1500-R.P.M.,  C.  C.  gener- 
ator,      443 

Axial  type  Homopolar  Generator,  Me  Continuous  Current  Machinery. 

B. 

Bailey  &.  Cleghome  brush  contact  resistance  investigations 480 

Balancing 275 

Bar  Windings,  see  Windings,  A.  C. 

Barrel  Windings,  see  Windings,  A.  C. 

Barrel  wound  armatures,  Hermal  calculations  of  continuous  current     ....       28 

Basket  winding 240 

Behrend : 

Curve  showing  comparative  weights  of  1000  kva.  25-cycle  alternators  at 

different  rated  speeds 93,  95 

Comparison  with  weights  of  400  kva.  alternators 143 

Comparison  with  weights  of  3000  kva.  25-cycle  alternators  ....  180,  181 
Beyer,  Data  of  375  kva.  British  Westinghouse  Company's  C.  C.  turbo-generator,  448 
Bipolar  Alternators,  ^e  A.  C.  Machinery. 

Box  type  spring  pressure  brush  holder 489  and  fig. 

Breadth  factor 67 

British  Engineering  Standards  Committee,  Inherent  regulation  recommendar 

tions 65 

British  Thomson-Houston  Company: 

Definite  pole  rotor  construction 266,  fijg.  265 

Method  of  retaining  field  coils 267,  figs.  264,  266 

Stress  calculations 309 

Stator  frame.  Section  of  open  type 221 

3-phase,  1500  kva.,  11,000  volt,  6-pole,  50-cycle,  1000  R.P.M.  alternator, 

284-294 

No  load  saturation  curve 294 

Outline  drawings 94 

Pressure  regulation 90 

Principal  dimensions 291 

Rotating  field  for      287,  figs.  288,  291,  312 

Specification      95-98 

Stress  calculations 310-318 

Temperature  rise,  Data 89 

Test  report,  Data 293 

Winding  diagram,  240;  fi^s.  238,  239,  —  Method  of  retaining  end  windings, 

242,  fi^s.  240 
British  Westinghouse  Company: 

200  kw.,  2000  R.P.M.,  110  volt,  C.C.  dynamo 446,^.447 

375  kw.,  2500  R.P.M.,  250  volt,  C.  C.  turbo-generator  field 445,  fi^.  446 

Specification 448-450 

Bronskohl  Brushes,  see  Brushes,  Compound. 
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Brown  Boveri  A  Oonipany: 

Annatuie  windings 244-246  and  fig8. 

Bipolar  altematorsy  Data  of 146 

C.  C.  turbo-generators  description 426-435 

Particulars  of  4-pole,  1000  kw.,  550  volt,  1250  R.P.M.  machines  .    .    .     431-435 

Brush  gear  for 434,  486 

Standardization  of 283,  436,  437 

Rotating  field  constructions 249,  250,  fig8,  248,  250 

Ventilating  scheme  for  turbo-generator 224 

Turbo-alternators  development  of       283 

1000  kva.,  1500  R.P.M.,  2000  volt,  d-phase  machine: 

Outline  drawing facing  284 

Ventilating  scheme 224 

Ventilating  arrangements 222,  284,  fig.  224 

Brown,  C.  E.  L.,  see  Brown  Boveri  A  Co.  * 

Bruce,  Peebles  &  Co.: 

Rotating  field  structure 267 

Winding  of  bipolar  armature      244 

Brush  Company  commutator  segments,  Method  of  interiocking 423 

Brush  Contact  Resistance,  see  Contact  Resistance. 
Friction  Loss,  see  Losses,  Commutator. 

Pressure 487-495 

Brushes  and  brush  gear  for  high  speed  continuous  current  dynamos  .    .   468  et  seq 

Brown  Boveri's  C.  C.  turbo-generators 427 

4-pole,  1000  kw.,  650  volt,  1250  R.P.M.  machine  .    .    .* 434,486 

Carbon: 

Choice  of 478 

Commutator  loss  involved  by  use  of,  in  high  speed  machines 412 

Copper  commutators 326,  327 

Flexible  connector  or  "pigtail",  methods  of  attaching  .    .    .     487-491  and  figs. 

General  properties  of 471 

Graphite,  469  —  advantages  for  high  speed  machines 412,  415 

Le  Carbone  Company: 

Graphite  method  of  converting  carbon  into 479 

Pigtail  method  of  attaching    .    .    , 491 

"X"  and  "Z"  grades 473,474 

Manufacture  of 478-480 

Metal  and.  Relative  advantages  and  disadvantages 468-471,  481 

Quality  and  contact  resistance 474 

Speeds  of  A.  E.  G.  C.  C.  turbo-generators  employing 454 

Compound 481-487 

Advantages 412 

Bronskohl 487 

Burleigh's  construction 482 

"Endruweifor  Galvano 483 

Laminated 482 

Moiganite 483-485 

Brush  holders 494-497 

Method  of  attaching  "pigtail" 489 

National  Carbon  Company 482 

Method  of  attaching  pigtail 489 
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Brushes  and  brush  gear  for  high  speed  continuous  current  dynamos. — Ccmtttiiiai. 

Hlot 485 

Use  of,  in  high  speed  machines 412 

Copper  and  peripheral  speeds 327 

Holders 487-i97 

Design  and  adjustment 478 

Pneumatic 495-497 

Spring  pressure 487^95 

Arm  or  lever  type 491  and  fig. 

Box  type 491  cmd  fig. 

Reaction  type 491,  493  and  fig. 

Spring  arm  type 491  and  fi/g. 

Improvements  for  high  speed  machines 412 

Metal: 

Carbon  and,  relative  advantages  and  disadvantages 468-471|  481 

Speeds  of  A.  E.  G.  C.  C.  turbo-generators  with 452 

750  kw.,  250  volt,  1500  R.P.M.,  C.  C.  generator 443 

Bullock  Company,  Rotating  field  structures 261,  fig.  263 

Burke,  James  F.,  Methods  of  interlocking  commutator  segments 423 

Burleigh's  construction  for  compound  brushes 482 

C. 

Carbon  Brushes,  see  Brushes. 

Cast  iron,  Saturation  curves  showing  permeability 59 

Cast  steel,  Permeability  and  magnetic  properties 58,  59 

Ceylon  graphite  for  Morganite  brushes 485 

Coil  Winding,  see  Winding,  A.  C. 

Coils: 

Concentration  and  distribution  of 230 

Designation,  etc 230 

Lap 231,^.230 

Method  of  treatment 287 

Spiral      231, /Ejr.  238 

Commutating  poles,  auxiliary,  of  750  kw.,   250  volt,   1500  R.P.M.,  C.  C. 
generator 443 

Commutation: 

Chief  consideration  in  C.  C.  designs      334 

Compensating  windings  for  neutralizing  reactance  voltage 332 

Effect  on  a  and  p  for  C.  C.  machinery 9 

Interpoles  for  neutralizing  reactance  voltages 328,  332 

Commutator : 

Brown  Boveri's  C.  C.  turbo-generators 426 

Brushes,  see  Brushes  and  Brush  Gear. 

Construction  for  high  speeds A22-^l^ 

750  kw.,  250  volt,  1500  R.P.M.,  C.  C.  generator 443,  444 

Grooved 497 

Homopolar  generators,  Commutator  unnecessary 455 

Length  of,  in  high  speed  machines 415 

Losses,  see  Losses. 

Peripheral  Sj)eed,  see  Peripheral  Speed  of  Commutator. 
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Commutator.  — Continued. 

Segments  methods  of  interlocking 423 

Sparking,  suppression  of 400,  fig.  402 

Speed,  Effect  on  dimensions 477 

Stress  calculations  for  1000  kw.,  1000  R.P.M.,  C.  C.  generator    ....     466-467 

Ventilation 424,  fig.  423,  424 

Comparative  study  of  C.  C.  designs      378  el  seq 

Compensating  Winding,  see  Windings,  C.  C. 
Conductors: 

650  kva.  alternators,  number,  determination  of Ill 

3000  kva.  alternators. 

Number  per  slot 159 

Size,  Determination  of 166 

Connections:  Methods  of  attaching  to  carbon  brushes 487-491  and  figs. 

Construction  of  High  Speed  Alternators,  see  A.  C.  machinery. 
Construction  of  High  Speed  C.  C.  Generators,  see  C.  C.  machineiy. 
Contact  resistance  brush: 

Investigation  of 471-477,  480 

Morgan  Crucible  Company 485,  fig.  484 

Continuous  current  generators 319  et  seq 

Armature  heating  coefficients.  Methods  of  estimating 36-38 

Barrel  wound  armatures.  Thermal  calculations 28 

Brown,  Boveri  &  Co.,  Standardization  of  turbo-dynamos  up  to  1250  kva. 

rated  output 283 

Brushes  and  brush  gear  for 468  et  seq 

Chief  considerations 88 

Commutation  and  Commutators,  see  those  titles. 

Comparative  study  of  designs 378  et  seq 

Construction  of,  high  speed  generators 412  et  seq 

Allgemeine  Elektricit&ts  Gesellschaft  machines 450-454 

Armature  core  plates.  Low  loss  sheets  for •    •    .         45-47 

British  Westinghouse  Company's  machines 445-450 

Brown,  Boveri  &  Co.'s  machines 426-437 

Homopolar  Generator,  see  that  subheading. 

Rateau  Turbine  Company  of  Chicago 453-455 

Siemens  Bros,  machines 438-442  and  figs. 

750  kw.,  250  volt,  150  R.P.M.  machine 442-445 

1000  kw.,  1000  R.P.M.,  6-pole  for  different  voltages,  Study  and  outline 

sketches 412-417 

Design  Methods: 

Comparison  between  routine  and  design: 

Chart  methods 382  et  seq 

Routine  calculations 364  et  seq 

Three  sets  of  designs  for  different  speeds;  Calculations,  364;  Specifi- 
cations           367-371  fig.  383 

Preliminary  design  charts  for 346-363 

Study  of  45  designs      . 360-363,  384,  figs.  383,  384-393 

Troublesome  ratings  and  proposals  for  design    ' 394  et  seq 

General  considerations  relating  to  influence  of  rated  output,  voltage  and 

speed  on  design 319  et  seq 

High  speeds,  Limited  experience 332 
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Continuous  current  generators. —  Continued. 

Homopolar  or  cyclic  generators 455-460 

Axial  type 455,  fig.  456 

Noeggerath  300  kw.,  500  volt  turbine-driven  machine,  454-458;  Efficiency 

curve 459 

Slip  ring  losses 481 

Radial  type 455,  fig.  456 

Westinghouse  Company 460 

Interpoles,  see  that  title. 

Leading  dimensions  of  large  high  speed  machines,  Determination  of  .    .  334  ei  seq 

Preliminaiy  design  charts 346-363 

Output  coefficient 14h-17, 343 

Armature  diameter,  Relation  between 15 

Rated  output,  Relation  between 14 

Voltage,  Relation  between 344 

Preliminary  designs  for  various  rated  outputs  and  speeds 364  €t  seg 

250  kw.,  250  volt  machine  for  different  speeds 365 

Efficiencies  at  different  loads 381 

Specifications  and  drawings 367-371 

Speed,  most  economical  for 378 

Technical  data  at  most  economical  speed,  1500  R.P.M 379 

Total  Works  Cost  and  other  data 373-377 

500  kw.,  500  volt  machines  for  different  speeds: 

Commutator  dimensions      477 

Efficiencies  at  different  loads 381 

Sp)ecifications  and  drawings 367-371 

Speed,  most  economical,  1000  R.P.M.  —  Technical  data 380 

Total  Works  Cost,  and  other  data facing  377 

1000  kw.,  1000  volt  machines  for  different  speeds: 

Efficiencies  at  different  loads 381 

Specifications 367-373 

Speed,  750  R.P.M.  most  economical: 

Technical  data • 380-398 

11,000  R.P.M.  machine,  Study  of 395-402 

Study  of  1000  R.P.M.  machine 395-402 

Alternative  designs,  398  —  Leading  data  of 397 

Interpoles,  Rearrangement  of 399-401 

Total  Works  Cost  and  other  data facing  377 

Principles  of  design  for  high  and  low  speeds 322  et  seq 

500  kw.,  250  volt  machines  for  various  speeds  designed  on  three  different 

principles       323-324  fig.  325 

Reactance  voltage  0,  Estimation  of 334  el  aeq 

Curve  showing  value  of  x  in  formula  for 335 

Design  chart  for  determining facing  347 

Rotary  converter  scheme.  Calculations  for 403-411 

Rotors,  Choice  of  material  for 58 

Speeds: 

Coupling  2  dynamos  on  one  turbine  shaft 381 

Efficiencies         382 

High  versus  Low , 1,  2 

Low,  most  satisfactory  for  designing 4,  324 
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Continuous  current  generators. —  Continued. 

Stresses  in  a  rotating  armature 460 

Calculations  for  1000  kw.,  1000  volt,  1000  R.P.M.,  C.  C.  machine  .    .     461-467 

Temperature  test  of  field  spools  of  4-poIe  machines 42 

Total  Works  Cost: 

Methods  of  estimating 25 

Predetermination  of 366,  372 

Speed  relation  between 320-324 

Troublesome  ratings  and  proposals  for  design 394  el  aeq 

1000  kw.,  1000  volt,  1000  R.P.M.  generator: 

Specification  and  outline  drawings 367-373 

Further  study 395-402 

Alternative  designs,  398  —  Leading  data 397 

Interpoles,  Rearrangement  of 399-401 

Stress  calculations 461-467 

Voltage  coefficient 14 

Weight  coefficient 24 

D>^  and  relation  between  fig.  26. 

500  kw.,  250  volt,  125  R.P.M.  machines,  Design  of 350-359 

Alternative  trial  designs      351 

For  different  speeds 355-359  and  cwrvea 

Desi^  chart  . facing  348 

Leading  data  of  12-  and  16-pole  design 354 

6-poIe,  1000  R.P.M.  design: 

Output  coefficient  calculations 345 

Pole  pitch  (t),  Value  of,  note 339 

Reactance  voltage  calculations 337  et  eeq 

C.  C.  versus  A.  C.  Machinery: 

Output  coefficients 15 

Weight  factor 24 

Copper  for  field  spools.  Weight  dependent  on  section  of  magnet  cores  .    .     328-332 
Copper  Losses,  see  Losses. 
Core  Loss,  see  Losses. 

Core  loss  test  on  500  kva.  alternator 146-152 

Cost  Coefficients,  see  Design  Coefficients. 
Costs,  see  Weights  and  Costs. 

Criteria  for  heating  temperature  rise 27  et  seq 

Current: 

Collection  from  brush 487,  489 

Density  and  brush  contact  resistance,  Relation  between  .    .    .     472,  485,  fig.  484 
Curtis  Turbine,  see  Turbines,  Steam. 

D. 
De  Laval  Turbines,  see  Turbines,  Steam. 
Definite  Pole  Field  Sitructures,  see  Rotating  Field  Systems. 
Demagnetizing  Ampere  Turns,  see  Armature  Ampere  Turns. 
Design  Charts,  see  Preliminary  Design  Charts. 

Design  coefficients  for  dynamo  electric  machinery 6  et  seq 

Cost 6,  25-26,  373 

Output 6-18 

A.  C.  machinery        10-14 
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Design  coefficients  for  dynamo  electric  machinery. —  Continued, 

Basis  for  design 103-107 

400  kva.  machines 137-139 

650  kva.  machines 108 

3000  kva.  machines      157, 170 

6000  kva.  machines 206,  fig.  205 

Values  for  30  alternators  of  various  speeds  and  ratings 100,  101 

C.  C.  machinery 14-17,  343 

C.  C.  V,  A.  C.  machinery 15 

Inter-relation  of 6-10 

Rated  speed  and,  Relation  between,  for  3000  kva.  alternators  for  different 

speeds  and  numbers  of  poles 170,  171, 188 

Relation  between  ^  and  ^ 18 

Specific  utilization  coefficients  and  ^,  Relation  between 206,  fig.  205 

Steinmetz  (^) 6,  17 

Use  of  (e)       16 

[See  aUo  Specific  Utilization  Coefficients  ] 

Weight 6,  18-25 

A.  C.  machines 18-24 

Comparison  between  1500,  3000  and  6000  kva.  alternators  ....     213, 216 
3000  kva.  alternators  for  various  speeds,  25  cycle  machines,    170,    179, 

180  —  50  cycle  machines 193,  fig.l91 

6000  kva.  alternators 204,  209 

C.  C.  machines 24 

Dettmar.     Temperature  tests  of  insulation  on  field  conductors 43 

Dick  Kerr  &  Co. : 

Rotor  of  turbo-alternator,  269,  fi^.  268,  269:  —  Method  of  attaching  pole 

cores  and  pole  shoes 271,  fig.  270 

Distorting  Ampere  Turns,  see  Armature  Ampere  Turns. 
Distributed  Compensated  Windings,  see  Windings,  C.  C. 
Distribution  of  losses  in  3000  kva.  alternators  for  various  speeds,  25  cycle 

machines,  172-175:  —  50  cycle  machines 190 

Double  coil 230 

E. 

Eddy  Current  Losses,  see  Losses. 
Effective  Material,  see  Material. 
Efficiency  of 

Continuous  current  generators  at  different  loads 381 

Curve  of  300  kw.  Noeggerath  homopolar  generator 453 

400  kva.  alternators 136,  139,  140 

3000  kva.  alternators '. 167 

End  bell  of  Washington  rotor 257 

End  connections,  Method  of  retaining      421 

End  Windings,  see  Windings,  End. 

"Endruweil"  brush      483 

Epstein  method  of  testing  iron 52 

Esson.    Temperature  rise  of  field  coils,  note    . 41 

Excitation  regulation 66 

Brown  Boveri  &  Co.  C.  C.  turbo-dynamos 427 

4-pole,  1000  kw.,  550  volt,  1250  R.P.M.  machine 433 
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Excitation  regulation. —  Covdinued. 
Data  for 

1000  kw.,  6-phase  turbo-alternator  for  use  with  lotaiy  converter   .   .     407-411 

3000  kva.  alternators 162,  163 

6000  kva.  alternators 82-87,  tabU  and  figs. 

Expansion  pigtail 489 

F. 
Factor  of  Safety,  see  Safety  Factor. 
Field  coil: 

Retaining  pieces 274 

Temperature  rise  of,  41:  —  Test  results  on  4>pole  C.  C.  machine    ....       42 

Ventilation  of 43 

Constructions  for  water  wheel  generators 272 

Copper  space  for,  in  high  speed  alternator  design 114 

650  kva.  alternator,  Calculations  for 129 

3000  kva.  alternators.  Calculations  for 161 

Excitation  calculations  in  650  kva.  alternator 122 

Magnet  stampings 275 

Spool: 

Calculations  for  3000  kva.  alternators 163 

C.  C.  machines.  Weight  of  copper  and  section  of  cores,  Relation  between, 

328-^32 

System,  Brown  Boveri's,  C.  C.  turbo-dynamo 426 

Winding  calculations  for  3000  kva.  alternators 164 

Figure  of  Loss,  see  Losses. 

Flexible  Connectors,  eee  Connectors. 

Floor  space.  Brown  Boveri's  standardized  line  of  C.  C.  turbo-generators,  437,  fi>g,  436 

Flux: 

Densities  in  iron  and  steel 79,80,  113 

Determination  of, 

for  650  kva.  alternator 110 

3000  kva.  alternators 158,  159 

Poles,  Number  of,  Depth  of  air  gap  and  armature  strength,  Relation  between, 

for  3000  kva.  alternators  for  various  speeds 17^178  and  figs. 

Forced  Ventilation,  aee  Ventilation. 
Frequency: 
Influence  of,  From  outline  designs  for  3000  kva.  alternators  for  various  speeds, 

156  et  eeq 

Speed,  Niunber  of  poles  and,  Relation  between      7,  205 

Friction  Coefficient.    Metal  and  carbon  brushes 471 


G. 

Galvanic  Metal  Paper  Company  of  Berlin,  "  Endruweit "  or  "  Galvano  "  brush  .     483 

"Galvano"  brush 483 

Gas  engine.  Speed  and  output.  Relation  between,  for  2,  /i{^.  3 319 

General  considerations l^et  eeq 

General  Electric  Company  of  America: 
Armature  windings  of  3000  kva.,  4-pole  alternator,  Method  of  retaining, 

242,  fi^,  241 
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General  Electric  Company  of  America.  —  Contimned. 

Definite  pole  rotor  construction 266,  fig.  265 

Method  of  retaining  field  coils 267,  figs.  264,  266 

Stress  calculations * 309 

Homopolar  generators 457-459 

300  kw.,  500  volt  turbine  driven  C.  C.  machine 458 

Efficiency  curve 459 

Slip  ring  losses 481 

Pole  cores  and  shoes,  Methods  of  attaching,  to  rotating  fields 270 

Rotating  field  structures 261,  fig,  262 

Stator  frame,  Section  of  turbo-alternator 221 

General  procedure  in  alternator  design,  see  A.  C.  Machineiy. 

Goldschmidt,  Temperature  rise  of  field  coils,  note 41 

Graphite  brushes 469,  412,  415 

Grooved  commutators     '. 494 


H. 
Heating: 

Armature  core  plates,  Effect  of  grade  on •   45-49,  51 

Calculation  of 

650  kva.  alternator 120 

3000  kva.  alternators 167,  168 

Criteria  for 27,et  seq 

Effect  of,  on  a  and  ^ .         9 

Peripheral  speeds  of  rotor.  Relation  between,  for  a  number  of  alternator 

designs 32-34 

Heyland  compounded  turbo-alternator: 

Description 301-303 

Rotating  armature  and  rotating  field  design,  Comparison 304 

High  speed 

Alternators,  Construction  of,  see  A.  C.  Machineiy. 
C.  C.  Generators,  Construction  of,  see  C.  C.  Machinery. 
High  V.  low  speed  alternators: 

Leading  data  of  30  alternators  of  various  speeds  and  ratings 99-102 

Specification  and  comparison  between  a  94  R.P.M.  and  1000  R.P.M.    gen- 
erator             95-99,  fig.  94 

Temperature  rise  data 89 

Pressure  regulation  data 92 

Weights  and  costs  of  active  material 98-99 

Homopolar  Generators,  see  C.  C.  Machineiy. 
Hub: 

650  kva.,  4-pole  alternator,  stress  calculations 308 

1500  kva.,  6-pole  alternator,  stress  calculations      312 

Hydraulic  turbine  speeds 2,  319 

Hysteresis  Loss,  see  Losses. 

I. 
Induced  Ventilation,  see  Ventilation. 

Inductance  of  armature  windings,  Estimation  of 70 

Induction  motors,  Heating  coefficient  for 36 

Inductor  type  generator  of  Oerlikon  Company 276 
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Influence  of  speed  and  number  of  poles  on  designs  for  400  kva.  alternators, 

131  et  aeq 
Inherent  Regulation,  see  Pressure  Regulation. 

Insulation,  E£fect  of  temperature  on 43 

Internal  phase  angle  <f>* 66 

Components  ^'  —  ^  +  a  +  .5 68 

4>,  determination  of 69 

a,  determination  of 69 

fi,  determination  of 73 

Interpoles  for  neutralizing  reactance  voltage 344,  417,  418 

Design  of  machines  with 394 

Reactance  voltage  not  necessarily  very  low  in  such  machines,  note    .    .    .  352 

Disadvantages  of 328 

Function  and  use  of *    .    .    .  328 

Iron  distribution  of,  in  high  and  low  speed  alternators 99 


K. 

Kolben  &  Co.  bipolar  alternators      146 

Krupp  Works,  Essen,  Strength  of  materials 59 


Lahmeyer  Company: 

Arrangements  for  securing  end  windings      243 

Rotating  field  construction 251 

Stator  frames  for  turbo-alternators 222,  figs.  222,  223 

Laminated  brushes 482 

Laminations,  see  Armature  Core  Plates. 

Lap  coil 231,  fig,2dO 

Le  Carbone  Brushes,  see  Brushes,  Carbon. 

Leakage  Coefficient.     Estimation  of  leakage  and  useful  flux 76 

In  650  kva.  alternator 114 

Leakage  factor;  larger  in  interpole  designs ; 328 

Leakage  Flux,  see  Leakage  Coefficient. 

Lever  type  spring  pressure  brush  holder 491  and  fig. 

Linear  Speed,  see  Speeds,  Peripheral. 

"  Lohys "  figure  of  loss 56 

London,  W.  J.,  on  brushes      470 

London  Underground  Electric  Railway  Company: 
Westinghouse  5500  kw.  alternator: 

Armatures      238,  fig,  236,  237 

Rotors 248,257 


Armature: 

Estimation  for  650  kva.  alternator 119,  120 

Temperature  rise  and 27 

Commutator: 

Contact  resistance 475 

Bronskohl  brushes 487  and  curve 

Moiganite  brushes 485  and  curve 
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Losses.  —  CanHnued. 

Friction 476 

Bronskohl  brushes 487  and  curve 

Moiganite  brushes 485  and  curve 

Total  Losses: 

Bronskohl  brushes 487  and  curve 

Morganite  brushes 485  and  curve 

Copper: 

400  kva.  alternators 136,  141,  fig.  140 

650  kva.  alternators 120,  130 

3000  kva.  alternators 167 

Core: 

Copper  percentage  of,  to  iron '. 117 

Reduction  of 

Rotating  annature,  Advantages  of 154 

Special  low  loss  sheet  steel  for 45  et  «eg 

Use  in  400  kva.  alternators 140 

Total  internal  loss,  Percentage  of,  constituted  by 45,  47 

[See  also  Figure  of  Loss]. 

Diminution,  advantages  of  smooth  drum  rotating  field 275 

Eddy  Current:     Dependent  upon  specific  resistance  of  iron 54-56 

Electrical  and  magnetic,  in  400  kva.  alternators 135,  139,  140 

Field  P  22: 

Interpole  designs 328 

500  kva.  alternator 147-152 

Figure  of  Loss: 

Armature  core  plates 53-57 

Definition  of 50 

Hysteresis  in  low  loss  steels 56 

Iron,  Estimation  of,  for  A.  C.  generators 119 

400  kva.  alternators 135,  140 

3000  kva.  alternators 167 

Slip  ring,  in  homopolar  generators 456 

Speed,  Relation  between,  and 172,  173,  189  and  190 

Teeth,  Estimation  of,  in  650  kva.  alternators 120 

Total  internal,  Percentage  constituted  by  core  loss 45,  47 

Total,  and  heating  in  650  kva.  alternator 120,  130 

3000  kva.  alternators  for  various  speeds: 

25  cycles,  141 :  — Distribution  of 172-175 

50  cycles 189 

Low  Loss  Sheet  Steel,  see  under  Materials  for  Construction. 

Low  Speed  v.  High  Speed  Machines,  eee  High  Speed  v.  Low  Speed  Bfachines. 

M. 
Magnet: 

Cores 76 

Dimensions,  Determination  of,  for  3000  kva.  alternators  ....    159,  160,  169 

Interpoles,  Effect  on  shape 328-332 

Frame  of  750  kw.,  250  volt,  1500  R.P.M.,  C.  C.  generator 443 

Poles: 
Circular  versus  rectangular 110 
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Magnet.  —  Continued. 

650  kva.,  4>pole  alternator 113 

Stress  calculations 305 

Yoke: 

C.  C.  machines  self  supporting 24 

Dimensions,  Determination  of,  for  3000  kva.  alternators 160 

Water  wheel  generators 272 

Magnetic: 

Circuit,  Calculation  of,  in  650  kva.  alternator  design 121 

Flux  densities ^ 79,  80,  113 

Per  pole  in  alternators 91 

Leakage: 

Ampere  Turns  for  Increased/  see  under  Armature  Ampere  Turns. 

Leakage  coefficients  smaller  for  high  speed  machines 92 

Material,  Permeability  of 57 

Manchester  Electricity  Works,  Description  of  750  kw.,  500  volt,  1600  R.P.M. 

C.  C.  turbo-generator 439-442 

Martin,  Parsons  &  Stoney,  on  brushes 470 

Material: 

Effective 18 

C.  C.  machines 24 

Weights  for  several  alternators 21,  table  20 

Weights  and  costs  of,  in  low  and  high  speed  alternators 99 

Non-effective  relation  between  air-gap  diameters  and 21 

Materials  for  construction  of  high  speed  electrical  machinery 5,  45  eteeq 

Armature  core  plates: 

Cost 57 

Customary  dimensions 53 

Figure  of  loss 53-57 

Special  low  loss  sheet  steel      4betseq 

Cost 57 

Figure  of  loss 55,  56 

Mechanical  strength 61 

Stalloy: 

Figure  of  loss 55-56 

Mechanical  strength 61 

Use  in  400  kva.  alternator 140 

Testing  of 52 

Brown,  Boveri  <fe  Co.'s  C.  C.  turbo-generator 426 

Brushes  and  brush  gear 468  et  seq 

Ceylon  graphite  for  Moiganite  brushes 485 

End  bells  for  retaining  armature  windings 421 

End  cover  of  armature  and  field  windings 61 

Magnet  poles  for  650  kva.  alternator 113 

Magnet  yoke: 

Water  wheel  generators 272 

3000  kva.  alternators  for  different  speeds  and  numbers  of  poles 160 

Magnetic,  Permeability  of      57 

Rotating  fields 2A7  et  seq 

Rotors 58 

Stalloy,  and  special  quality  steels  for 61,  62 
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Materials  for  construction  of  high  speed  electrical  machinery. —  ConJtinv/9d, 

650  kva.  4>pole  alternator 113,  114 

Alternative  construction 305 

Steel  binding  wires  for  retaining  end  connections 421 

Stresses  and  elastic  limits 58,  305 

Data  for 63,  64  and  306 

Methods  of  estimating  armature  temperature  rise 27  etseq 

Metropolitan  railway  of  London,  rotor  of  33  cycle,  3500  kw.  alternator  for  .     256,  257 

Miles  Walker  compensated  rotating  field  structure 258-260 

Molnar  on  manufacture  of  brushes 478,  479 

Morgan  Crucible  Company  brushes 483-485 

Method  of  attaching  "pigtail" 489 

Brush  holders 494-497 

Myer,  H.  S.,  on  treatment  of  field  coils 287 

N. 

National  Carbon  Company,  compound  brushes 482 

Method  of  attaching  "pigtail" 489 

National  Physical  Laboratory  of  Great  Britain,  temperature  tesls  on  insulating 

material      43 

New  and  Levine  temperature  rise  of  field  coils,  note 41 

New  York  Edison  Company,  Rotors  of  9000  kva.  generator  for.    .    .    .   261,  fig.  262 

No  Load  Saturation  Curve  9ee  Saturation  Curve. 

Noeggerath: 

Brush  contact  resistance 481 

Homopolar  generator 458,  fig,  457 

Efficiency  curve 459 

Slip  ring  losses  I 481 

Non-effective  Material,  see  Material. 

O. 

Oeriikon  Company: 

Temperature  rise  of  field  coils,  note 41 

Turbo-alternators,  Development  of 276-283 

Inductor  type 276 

Rotating  armature  typQ 276 

Early  type 251,  fig,  253 

Rotating  field  construction 249,  250,  276 

Early  types  and  development  of 251-256  .an^  figs. 

1200  kva.,  3-phase,  1500  R.P.M.,  4-pole,  50  cycle,  1155-2000  volt  — 

Data  and  outline  drawings 276 

Ventilation  scheme  for 224-226 

Armature  and  stator  frames 226,  figs.  226-228 

Winding  of  Armature  of  400  kw.  machine 236,  fig.  235 

Method  of  securing  end  windings 242,  figs.  235,  240 

250  kw.,  3-phase,  3000  R.P.M.,  2-pole,  50  cycle  alternator,  data  and  out- 
line drawings 277 

1000  kva.,  1500  R.P.M.,  4-pole,  50  cycle,  5200  volt  single  phase: 

Characteristic  curves 283 

Data  and  outline  drawings 278-283 
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Oerlikon  Company.  —  Covdinued, 

200  kw.,  3000  R.P.M.,  220-250  volt.,  C.  C.  machine: 

Annature  and  field  system  of figa.  419,  420 

Commutator,  Description  of '. 423 

Open  Type  Stator  Frame,  ue  Stator  Frames. 
Output: 
Coefficients,  see  Design  Coefficients. 

Per  pole  for  30  alternators  of  various  speeds  and  ratings 100,  101 

Rated  output  and  output  coefficient,  Relation  between 10,  14 

Speed,  Influence  of 12 

Speed,  Relation  between 2-4 

General  conclusions 217 

Influence  of  rated  output  and  speed  on  design  of  A.  C.  generators  .    .     88  «<  «eg 
Influence  of  rated  output  and  speed  on  design  of  C.  C.  generators  .   .  319  et  seq 

P. 
Parsons,  Messrs.  : 

Annature  of  18,000  R.P.M.  turbo-dynamo,  Early  type 419 

Commutator 422 

C.  C.  brush  gear,  Early  type 470 

Rotating  field  structures,  Method  of  attaching  pole  cores  and  pole  shoes, 

271,  fig,  270 
Turbine,  see  Turbines,  Steam. 

Parsons  &  Stoney,  Compensating  winding 470 

Parsons,  Stoney  &  Martin,  on  brushes     470 

Peripheral  speed 321 

Commutator,  Considerations 326,  327 

Brush  contact  resistance  and.  Relation  between 473 

(For)  Materials  of  different  strengths 60,  61 

Temperature  rise  and,  Relation  between 29 

Tests  showing  effect  of  temperature  rise  of  field  coils 42 

(For)  30  alternators  of  various  speeds  and  ratings 100,  101 

Permeability  of  magnetic  materials      57 

Pigtail,  Method  of  attaching  to  carbon  brushes 487-491  and  figs. 

Pilot  Brushes,  see  Brushes,  Compound. 
Piston  Engines: 

Speed  and  output,  Relation  between 2,  fig.  3,  319 

Steam  turbines  and,  Comparison  for  driving  C.  C.  machinery     ....    416,  417 

Pneumatic  brush  holders 495-497 

Pohl,  on  homopolar  generators 459 

Pole: 
Cores: 

Diameter,  note 330 

Methods  of  attaching 269-271 

Stress  calculations 307 

Stress  calculations: 

650  kva.,  4'pole  alternator 305 

1500  kva.,  6-pole  alternator 310 

Pitch  (r) :  Armature  length,  Ratio  to: 

Value  in  6-pole,  1000  R.P.M.,  C.  C.  designs,  note 339 

Values  for  30  alternators  of  various  speeds  and  ratings 100,  101 
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Pole.  —  CanHnued. 

Shoes:  Methods  of  attaching 260-271 

Stress  calculations 307 

Poles,  Number  of: 
Flux,  Depth  of  air  gap  and  armature  strength,  Relation  between,  for'3000  kva. 

alternators  for  various  speeds 175-178  and  fig8. 

Influence  on  outline  designs  for  3000  kva.  alternators,  156  et  seq  —  for  400 

kva.  altematorf 131 

Reactance  voltage  and,  Relation  between,  in  C.  C.  machines 336 

Speed  and  Frequency,  Relation  between 7 

(For)  30  alternators  of  various  speeds  and  ratings 100,101 

Polyphase  Alternators,  see  A.  C.  Machinery. 

Preliminary  design  charts  for  C.  C.  machines      346-363 

Pressure,  Brush  and  contact  resistance,  Relation  between 472 

Moiganite  brushes 485,  fig.  484 

Pressure  regulation: 
Calculation  for: 

400  kva.  alternators 130,  141-143 

650  kva.  alternator      123-125 

££fect  of,  on  a  and  fi  for  alternators 9-15 

Inherent  regulation 65,  90 

Power  factor  «  1 65 

Calculations 78 

for  650  kva.  alternator 125,130 

for  high  and  low  speed  alternator  (94  and  1000  R.P.M.)      97 

Power  factor  —  0.8,  calculations 65-77 

Calculations  for  high  and  low  speed  alternator 97 

for  650  kva.  alternator 125,  130 

for  3000  kva.  alternator      71-77 

Speed  and,  Relation  between 90 

Saturation  of  magnetic  circuit,  Relation  between      79,  162 

Short  circuit  characteristic.  Relation  between 79,  80 

Strong  and  weak  armatures 80 

Tests  on  500  kva.  bi-polar  alternator 152 

Vector  diagrams 68,  69 

[See  also  Excitation  Regulation  and  A.  C.  Machinery.] 

Progressive  wave  windings 234,  fi^.  233 

Punga,i2e/.  to ''Sudden  Short  Circuiting  of  Alternators" 242 

R. 

Radial  l^pe  Homopolar  Generator,  see  Continuous  Current  Machinery. 
Rateau  Turbine  Company  of  C^iicago,  100  kw.,  3000  R.P.M.,  125  volt,  C.  C. 

turbo-dynamo 454,  fig.  453 

Reactance  Voltage: 

Ampere  turns  required  for      66,  74-76,  91 

Determination  of 69 

Estimation  of,  in  C.  C.  machines 334  et  seq 

Calculations  for  6-pole,  1000  R.P.M.  design 337  et  aeq 

Design  chart  for  determining facing  347 

Value  of  coefficient 335 

Neutralizing  of.  Compensating  windings  and  interpoles  for 332,  344 
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Reaction  type  spring  pressure  brush  holder 491,  450  and  fig. 

Reactions,  Annature,  Calculations  for  650  kva.  alternator 123,  124 

Regulation  Calculations,  see  Pressure  Regulations  and  Excitation  Regulation. 

Retrogressiye  wave  windings      234,  235,  fig.  233 

Rhenish  Westphalian  Electricity  Works  at  Essen,  Steam  turi>ine  set,  436,  fig.  433, 434 
Richardson  Westgarth  &  Brown  Boveri  4-pole,  1000  kw.,  650  volt,  1250  R.P.M. 

C.  C.  turbo-generator 431-435 

Brush  gear  for 486 

Riedler,  Dr.,  on  strength  of  materials 60 

Rotaiy  converters  as  substitutes  for  Speed  Reduction  Gearing 403-411 

Rotating  armature  system      219 

C.  C.  machines  —  choice  of  materials 58 

Hyland's  self-compounding  turbo-alternator 301 

Comparison  with  ordinaiy  rotating  field  alternator 304 

Oerlikon  2520  R.P.M.  alternator 276 

Specific  temperature,  rise  of  field  coils      41,  43,  44 

Stresses  in      460 

Calculations  for  1000  kw.,  1000  volt,  1000  R.P.M.,  C.  C.  generator  .    .  461-467 

Rotating  field  system  for  high  speed  alternators 219, 246 

Definite  pole  types 248,  256,  258,  265-269 

Comparison  with  smooth  drawn  type 275 

Construction  of  650  kva.,  4-pole  alternator 113,  114 

Stress  calculations  for  alternative  constructor 305 

Construction  of  1500  kva.,  6-pole  alternator •  284 

Stress  calculations 310 

Methods  of  attaching  pole  shoes  and  covers 269-271 

Stress  calculations 307 

Stress  calculations 305-316 

Heyland  self-cOhipounding  rotating  armature  alternator,  Comparison  with       304 

Material  for 58,  59  and  60 

Methods  of  attaching  pole  shoes  and  covers 269-271 

Stress  calculations 307 

Oeriikon  alternators 276-283 

Smooth  drum  type 248-265 

Advantages  and  comparisons 275 

Stress  calculations 316 

Stresses  in 126,  305,  et  seq 

Water  wheel  generators 272 

Rotors: 

Choice  of  material  for 58 

Stalloy  and  special  quality  steel 61,  62 

Core  Ducts,  «€«  Ventilating  Ducts. 

Peripheral  speed  of,  and  specific  temperature  rise      29 

Ventilation  of,  in  2-pole  designs 141, 146 

Rushmore,  D.  B.,  field  construction  for  water  wheel  generators,  272-273,  figs.  271-273 

S. 

Safety  factor 58,  59,  60 

Sankey,  Messrs.  Joseph  &  Sons,  q)ecial  low  loss  sheet  steels 56,  61,  62 

Saturation,  Higher,  in  rotating  armature  designs 153 


620  INDEX. 

Saturation  curve: 
No  load  (for), 
.  Ampere  sums  for  reactance  voltage,  Use  of,  in  calculating     .   .   .   .  74,  /S^.  75 

Effect  on  regulation 79-162 

500  kva.  alternator 147,  fig,  148 

650  kva.  alternator 123 

1000  kva.  Oerlikon  altematois 282,  fig.  283 

Saturation  curves,  for  showing  permeability  of  magnetic  materials  .     57,  58,  fig,  59 

Sayers,  W.  B.,  on  metal  and  carbon  brushes 470 

Scott  &  Mountain: 
500  kw.,  3-phase,  4-pole,  1500  R.P.M.,  50  cycle,  550  volt,  turbo-alternator, 

description 295-301 

Specification  for 298 

Stress  calculations 316 

Short  circuit: 
Characteristic. 

Oerlikon  1000  kva.  alternator 282,  fig,  283 

Regulation  and  relation  between 79,  80 

Current  high  speeds  and  pressure  regulation 92 

Loss  test  on  500  kva.  alternator 146,  150 

Siemens  Bros.  Dynamos  Works  Ltd. : 
A.  C.  machines,  ventilation  of  turbo-alternator,  Enclosed  frame  for  .  226,  fig,  229 
C.  C.  machines. 

750  kw.,  1600  R.P.M.,  500  volt,  turbo-generator 439-442 

Commutator  ventilation 424,  fig,  423  and  424 

500  kw.,  1500  R.P.M.,  250  volt,  turbo-generator 438 

Siemens  Schuckert  Werke  rotating  field  structure .      265,  fig.  264 

Single  coil 230 

Single  Phase  Windings,  see  Windings. 

Slip  ring  losses  in  Homopolar  generators 456 

Slots: 

Insulation  thickness  for,  A.  C.  generators 117 

Number  per  pole  per  phase 92 

In  650  kva.  alternators 111-113 

In  3000  kva.  alternators  for  various  numbers  of  poles 159 

Slots  and  teeth: 

Calculations  for  650  kva.  alternator 116,  117,  fig.  118,  128 

Stress  calculations  for  1000  kva.  C.  C.  generator 462 

Sparking  at  Commutator,  see  Commutator. 

Specific  Electric  and  Magnetic  Loading  of  Armature  (a  &  /9),  see  Specific  Utili- 
zation Coeflicients. 
Specific  Temperature  Rise,  see  Temperature  Rise. 

Specific  utilization  coeflicients  a  and  fi 6,  8 

Components  of  ^ 68 

Determination  of  a 69 

Determination  of  /? 73 

Determination  of,  in  alternator  design 106, 107 

Dimensions  dependent  upon 9 

Relation  to  output  coefficient 8,  17,  139,  and  171 

Speed  and,  Relation  between,  in: 

400  kva,  alternators 137-139 

3000  kva.  alternators 171,  173,  fig.  172,  188,  189 
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Specific  utilisation  coefficients  a  and  fi.  —  Continued. 

Values  higher  in  C.  C.  than  in  A.  C.  machines 15 

Values  in  6000  kva.  designs .   .     204,  206,  fig.  205 

Speeds: 

Allgemeine    Elektricitfits    Gesellschaft  C.   C.  turbo-generators: 

With  metal  brushes 452 

With  carbon  brushes 454 

A.  C.  machineiy,  Influence  of  rated  speed  and  design 88  et  seq 

400  kva.  machines 131 

3000  kva.  machines      156  et  aeq 

25  cycle  designs 170 

50  cycle  designs 188 

Angular      321 

Commutator  dimensions,  and,  Relation  between ■ 477 

C.  C.  machinery,  Influence  of  rated  speed  on  design      319  et  seq 

Frequency  and,  Relation  between 205 

Frequency,  number  of  poles,  and  relation  between 7 

High: 

C.  C.  machineiy 1, 2 

Core  loss,  Percentage  of  total  internal  loss  for 47 

Development  of 1,  218 

General  conclusions 217 

Low  versus,  for  C.  C.  machinery 1,  2 

Study  of,  Alternators 197  et  seq 

Losses  and,  Relation  between 172,  173,  189,  190 

Low: 

C.  C.  machinery 1,  2 

Core  loss,  Percentage  of  total  internal  loss  for 45 

Output  coefficient  of  polyphase  alternators 10,11 

Output  and,  Relation  between 2-4 

General  conclusions 217 

Output  coefficients  and,  Relation  between       12,  88,  170 

Pressure  regulation  and,  Relation  between      90 

Reduction  of,  Rotaiy  converter  scheme 403-411 

Regulation  of  4-pole,  1000  kw.,  550  volt,  1250  R.P.M.,  Brown^Boveri's  C.  C. 

turbo-generator 431 

Steam  turbine.  Uneconomical  for  driving  C.  C.  machinery 415-417 

Rotary  converter  scheme  for      403-411 

Total  works  cost,  and.  Relation  between 4,  320-324 

See  also  Peripheral  Speeds. 
Spiral  Coil,  see  Coil. 

Spring  arm  type  brush  holder 491  and  fig. 

Spring  pressure  type  brush  holders 487-495 

Stalloy 55,  56 

Mechanical  strength  and  physical  tests 61 

Standardization  rules  of  the  A.  I.  E.  E.,  Efficiency  of  A.  C.  generator  ....     149 

Stationaiy  Armatures,  Specific  temperature  rise  of  field  coils       41,  43 

Stator,  Description  of  4-pole,  1000  kw.,  550  volt.,  1250  R.P.M.,  C.  C.  turbo- 
alternator  434 

Stator  frames  for  high  speed  alternators 219 y  et  seq 

Forced  or  induced  type 222-227,  figs.  222-230 
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Stator  frames  for  high  speed  altematoiB. — Continued. 

Open  type      219-221 

Steam  Engines,  see  Piston  Engines. 

Steam  Turbines,  see  Turbines,  Steam. 

Steinmetz  Coefficient,  see  Design  Coefficients,  Output. 

Stodola,  on  strength  of  materials      59 

Stoney,  Martin  &  Parsons  on  carbon  brushes 470 

Stoney  &  Parsons,  Compensation  windings 470 

Stresses: 

Rotating  armature  systems 58,  460-467 

Calculations  for  1000  kw.,  1000  volt,  1000  R,P.M.,  C.  C.  generator    .    .461-467 

Rotating  field  systems 58,  126,  305,  et  m^ 

Definite  pole  structures: 

650  kva.,  4-pole  alternator 305^10 

1500  kva.,  6-pole  alternator 310 

Comparison  between  4-  and  6-pole  machines 310 

Smooth  drum  type,  Calculations  for  500  kw.,  4-pole  alternator 316 

Water  wheel  generators 272 

Various  materials 58,  63,  64,  306 

Strong  armature.  Definition 80 

Stimipf,  Prof.,  on  strength  of  materials 60 

Swinboume  &  Crumption,  Rotating  field  magnet 248 

T. 

Teeth,  Iron  loss  in  for  3000  kva.  alternator 167 

[see  also  Slots  and  Teeth] 
Temperature  rise  criteria  for 27  et  seq 

Armature: 

Methods  of  estimating 27  et  seq 

Rotor  core  ducts.  Influence  of 39 

Specific 28,  32 

Relation  to  peripheral  speed  of  rotor 29 

Field  coils 41 

Test  results  on  4-pole  C.  C.  machine 42 

Speed,  Relation  between 88,  89,  90 

Tester,  Epstein  sheet  iron 52 

Wound  sample 53 

Testing  iron,  Epstein  method 52 

Thermal  calculations 27  el  seq 

Disadvantages  of  interpoles 328 

Thompson,  S.  P. 

Contact  resistance 474 

Specific  utilization  coefficients 6 

Temperature  rise  of  field  coils,  note 41 

Three-Phaae  Winding,  see  Windings,  Three  phase. 

Toplis,  C.  M.,  Commutator  ventilation 424 

Total  Internal  Losses,  see  Losses,  Total  Internal. 
Total  Net  Weights: 

Several  alternators 21,  table  20 

Total  works  cost.  Relation  between 26 
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Total  Works  Ckwt: 

Armature  core  plates,  Effect  and  comparison  between  ''Low  Loss"    and 

ordinary  grade  sheet  iron 45y  et  seq  183 

Estimation  of 25 

500  kw.,  250  volt,  125  R.P.M.,  C.  C.  machine 353 

Output  coefficient,  Relation  between 11 

Predetermination  of,  in  C.  C.  machines 366,  372 

Rated  speed,  Relation  between 4,  320-324 

Triple  coil 230 

Troublesome  ratings  and  proposals  for  their  design  in  C.  C.  machinery     .  394  et  aeq 
Turbines,  Steam: 

Bipolar  designs  for 145 

Curtis: 

Speed  and  output.  Relation  between 2,  fig.  3,  218,  319,  381 

Stator  frames 221 

De  Laval  speed  and  output  relation  between 3,  319 

Description  of  laige  generating  set  of  10,000  hp.  capacity    .    .      436,  fig.  433,  434 

Developments  in 218 

Output  coefficients 12 

Parsons,  Speed  and  output  relation  between -    2,  fig.  S,  218,  319,  381 

Speeds 380,  381 

Alternator  design,  Speeds  favorable  to 218 

C.  C.  Generators: 

Rotary  converter  scheme  for      403-411 

Uneconomical  for  driving 415-417 

Output  and  speed  relation  between      2,  3,  95 

Stator  frames  for  alternators      219 

Turbo-alternator  fields 44 

Turbo-dynamos,  Ventilation  of 29,30 

Turbo-generators,  Difficulties  in  designing  C.  C 329 

Twin  City  Rapid  Transit  Company,  Definite  pole  rotor  for  5000  kva.  alter- 
nator    266,  figs.  264,  265 

Two-Phase  Windings,  see  Windings,  Two-phase. 

U. 
Useful  Flux,  see  Leakage  Coefficient. 


V. 

Vector  diagram  relating  to  pressure  regulation 68,  69;  407,  408 

Ventilated  rotating  armatures.  Thermal  calculations 28 

Ventilating  ducts.  Influence  of  a  temperature  rise 39 

Ventilation: 

Coefficient,  Determination  of 39,  40 

Commutator,  see  Commutator. 

Continuous  Current  Machines: 

Brown  Boveri  system 427,  431 

750  kw.,  250  volt,  1500  R.P.M.  generalor 443,  444 

Field  coils 43 
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Ventilation.  —  Continued. 

High  speed  alternators 90 

B.  I.  H.  1500  kva.  turbo-alternator 289 

Forced  or  induced  ventilation 220 

Stator  frames  for 222-227,  fig8.  222-230 

Importance  of 90 

Open  ventilation  stator  frames  for 219-221 

Rotor  in  2-pole  designs 141,  146 

Water  cooled 227,  fig,  230 

Turbine  dynamos,  Importance  of 29,  30 

Verband  Deutscher  Elektrotehniker  definition  of  **  Figure  of  Loss  " 50 

Voltage: 

C.  C.  generators.  Influence  on  design  of 319  et  seq 

Drop  at  brush  contacts 474,  475,  485,  fi^.  484 

Output  coefficients  in  C.  C.  machines,  Influence  on 344 

Reactance,  Interpoles  for  neutralising 328 

Voltage  coefficient  (K) 7,  9,  14 

Curves  showing  values  in  £.  M.  F.  formula 112 


W. 

Walker,  Miles,  Commutator  construction 425 

Water  Cooling,  see  Ventilation  of  High  Speed  Alternators. 
Wave  Winding,  see  Windings,  A.  C. 

Weak  armature.  Definition 80 

Weight: 

Brown  Boveri  &  Co.'s  standardised  line  of  C.  C.  turbo-generators    437,  /!y.  435 

Coefficients,  see  Design  Coefficients. 

Factor: 

C.  C  machinery.  Values  lower  than  for  A.  C 24 

Curve  for  alternators 18 

400  kva.  alternators 143 

3000  kva.,  25  and  50  cycle  alternators 179,  193,  fig.  191 

Designation 19 

High  and  low  speed  alternator 99 

Weights  and  costs  of  effective  material : 

High  and  low  speed  alternators 98,  99 

Several  alternators 21,  table  20 

400  kva.  alternators 137,  142-144,  figs.  144,  145 

650  kva.  alternator      130 

3000  kva.  alternators  for  various  speed: 

25  cycle 170,  178  ef  «!g 

50  cycle 187,  190,  191 

Comparison  between  25  and  50  cycles 192-195 

6000  kva.  alternators 204,  208,  209 

1500,  3000  and  6000  kva.  alternators.  Comparison  of    .......    .     214-217 

Westinghouse  Company : 

Bipolar  alternators,  Data  of 146 

Turbo-alternator  500  kva.,  60  cycle,  3600  R.P.M.,  Regulation  tests  results, 

81,  146-152 
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WestinghouBe  Company.  —  Continued. 

Commutator  construction 425 

Field  coil  retaining  pieces 274 

Field  magnet  stampings 275 

Homopolar  generator 460 

Rotating  field  structures 256-258 

Stator  frame,  Section  of  open  type 221 

Winding  of  armature  of  5500  kw.  turbo-alternator 238,  figs,  236, 237 

Whitworth  fluid  pressed  steel 248,256 

Windings: 
Armature: 

Alternating  current 228-246 

Bar      228 

Barrel,  228  —  Thermal  calculations 30 

Coil :   .   .       67,231 

Basket  type 240 

Half  coUed 231,232 

Lap fi^.2SS 

Spiral      ^.233 

Thermal  calculations 30 

Whole  coiled      231 

Concentration  and  distribution  of 232 

Distribution,  Effect  of,  on  breadth  factor 67 

End: 

Methods  of  retaining 241-243,  245  and  figs. 

Sections  of 236,  fig.  234 

Inductance  estimation  of 70 

Polyphase 232 

Coil,  Whole  coiled  and  half  coiled 232,  234 

Distributed  wave,  Spread 67 

Number  of  ranges     .    .• 236,  fi{f.  234 

Spread  of 67 

Rotary  converter  scheme,  1000  kw.,  O-phase  turbo-alternator  for  .   .     406 
Single  phase: 

Half  coiled  versus  whole  coiled  windings 231,  232,  234  and  fi^s. 

Number  of  ranges 236,  fig.  234 

Spread  of 67 

Stress,  Calculations  for  650  kva.,  4-pole  alternators 308 

Wave,  Retrogressive  and  progressive 234,  235,  fig.  233 

Winding  diagram  of  500  kva.,  3-phase  turbo-alternator 296 

Continuous  current: 

Brown  Boveri's  C.  C.  turbo-djniamos 426 

End  connections,  Methods  of  holding  down 421 

Multiple   circuit    single    formula    for    estimating    reactance    voltage 

334,  fig.  335,  tabU  336 

Compensating 332,418 

End: 

Material  for  end  covers 61 

Temperature  rise 30 

Stress  calculations  in  1000  R.P.M.  generator 463 
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Windings.  — Continued. 

Field  material  for  end  covers 61 

Losses  in  interpole  machines 328 


Y. 

Yorkshire  Electric  Power  Company,  Description  of  S-phaae,  1500  kva.,  11,000 
volt,  6-pole,  50  cycle,  1000  R.P.M.  alternator,  9ee  under  Biitish  lliomson 
Houston  Company. 
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Lodge's  Notes  on  Assaying  and  Metallurgical  Laboratory  Experiments 8vo,  3  oa 

Low's  Technical  Methods  of  Ore  Analysis 8vo,  3  00 

Miller's  Manual  of  Assaying zamo,  z  00 

Cyanide  Process zamo,  z  00 

Minet's  Production  of  Aluminum  and  its  Industrial  Use.     (Waldo.) zamo,  a  50 

O'Driscoll's  Notes  on  the  Treatment  of  Gold  Ores 8vo,  a  oa 

Ricketts  and  Miller's  Notes  on  Assaying 8vo,  3  oa 

Robine  and  Lenglen's  Cyanide  Industry.     (Le  Clerc.) 8vo,  4  oa 

Ulke's  Modem  Electrolytic  Copper  Reflnizig. 8vo,  3  oa 

Wilson's  Cyanide  Processes. zamo,  z  5a 

Chlorination  Process. zamo,  z  5a 

ASTRONOMY. 

Coxnstock's  Field  Astronomy  for  Engineers. 8vo,  a  5a 

Craig's  Aximuth. 4to,  3  5a 

Crandall's  Text-book  on  Geodesy  and  Least  Squares 8vo,  3  00 

Doolittle's  Treatise  on  Practical  Astronomy 8vo,  4  oa 

Gore's  Elements  of  Geodesy 8vo,  a  50 

Hayford's  Text-book  of  Geodetic  Astronomy 8vo,  3  oa 

Merriman's  Elements  of  Precise  Surveying  and  Geodesy. 8vo,  a  50 

*  Michie  and  Harlow's  Practical  Astronomy 8vo,  3  oa 

*  White's  ElementB  of  Theoretical  and  Descriptive  Astronomy zamo,  a  00 
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BOTAmr. 

Davenport's  Statistical  Methods,  with  Special  Reference  to  Biological  Variation. 

x6mo,  morocco,  x  2$ 

Thom^  and  Bennett's  Structural  and  Physiological  Botany i6mo,  a  25 

Westermaier's  Compendium  of  General  Botany.     (Schneider.) 8to,  a  oo 

CHEMISTRY. 

*  Abegg's  Theory  of  Electrolytic  Dissociation.    (Von  Ende.) lamo,  x  as 

Adriance's  Laboratory  Calculations  and  Specific  Gravity  Tables. xamo,  i  25 

Alezeyeff 's  General  Principles  of  Organic  Synthesis.     ( Matthews. ) 8vo,  3  00 

Allen's  Tables  for  Iron  Analysis. 8vo,  3  00 

Arnold's  Compendium  of  Chemistry.     (Mandel.) Small  8vo,  3  50 

Austen's  Ifotes  for  Chemical  Students xamo,  x  50 

beard's  Mine  Gases  and  Bxplosions.     (In  Press.) 

Bemadou's  Smokeless  Powder. — Nitro-cellulose,  and  Theory  of  the  Cellulose 

Molecule xamo,  a  50 

Bolduan's  Immune  Sera lamo,  1  50 

*  Browning's  Introduction  to  the  Rarer  Elements. 8vo,  x  50 

Brush  and  Penfield's  Manual  of  Determinative  Mineralogy 8vo,  4  00 

*  Claassen's  Beet-sugar  Manufacture.     (Hall  and  Rolfe.) 8vo,  3  00 

Classen's  Qtiantitative  Chemical  Analysis  by  Electrolysis.    (Boltwood.).  .8vo,  3  00 

Cohn's  Indicators  and  Test-papers xamo,  a  00 

Tests  and  Reagents 8vo,  3  00 

Crafts's  Short  Course  in  Qualitative  Chemical  Analysis.  (Schaefler.). .  .xamo,  i  50 

*  Danneel's  Electrochemistry.     (Merriam.) xamo,  x  as 

Dolezalek's  Theory  of  the  Lead  Accumulator  (Storage  Battery).        (Von 

Ende.) xamo,  a  50 

Drechsel's  Chemical  Reactions.     (Merrill.) xamp,  x  as 

Duhem's  Thermodynamics  and  Chemistry.     (Burgess.) 8vo,  4  00 

Eissler's  Modem  High  Explosives 8vo,  4  00 

EfFront's  Enzymes  and  their  Applications.     (Prescott.) 8vo,  3  00 

Erdmann's  Introduction  to  Chemical  Preparations.     (Dunlap.) xamo,  i  aS 

*  Fischer's  Physiology  of  Alimentation Large  i2mo,  2  00 

Fletcher's  Practical  Instructions  in  Quantitative  Assaying  with  the  Blowpipe. 

xamo,  morocco,  x  50 

Fowler's  Sewage  Works  Analyses xamo,  a  00 

Fresenius's  Manual  of  Qualitative  Chemical  Analysis.     (Wells.) 8vo,  s  00 

Manual  of  Qualitative  Chemical  Analysis.  Part  I.  Descriptive.  (WeUs.)  8vo,  3  00 

Quantitative  Chemical  Analysis.    (Cohn.)    a  vols 8vo,  xa  so 

Fuertes's  Water  and  Public  Health lamo,  i  so 

Furman's  Manual  of  Practical  Assaying 8vo,  3  00 

**  Getman's  Exercises  in  Physical  Chemistry xamo,  a  00 

Gill's  Gas  and  Fuel  Analysis  for  Engineen. xamo,  z  as 

*  Gooch  and  Browning's  Outlines  of  Qualitative  Chemical  Analysis.  Small  8vo,  x  as 

Orotenfelt's  Principles  of  Modem  Dairy  Practice.     (WoIL) xamo,  a  00 

Groth's  Introduction  to  Chemical  Crystallography  (Marshall) xamo,  z  as 

Hanmiarsten's  Text-book  of  Physiological  Chemistry.     (MandeL) 8vo,  4  00 

Hanausek's  Microaoopy  of  Technical  Products.    (Winton.) 8vo,  5  00 

*  Raskin's  and  MacLeod's  Organic  Chemistry 12mo,  2  00 

Hehn's  Principles  of  Mathematical  Chemistry.     (Morgan.) xamo,  z  so 

Bering's  Ready  Reference  Tables  (Conversion  Factors) z6mo,  morocco,  a  50 

Herrick's  Denatured  or  Indttstrial  Alcohol 8vo,    4  00 

Hind's  Inorganic  Chemistry. 8vo,  3  00 

*  Laboratory  Manual  for  Students zamo,  z  o» 

Holleman's  Text-book  of  Inorganic  Chemistry.     (Cobper.) 8vo,  a  so 

Text-book  of  Organic  Chemistry.     (Walker  and  Mott) 8vo,  a  so 

*  Laboratory  Manual  of  Organic  Chemistry.    (Walker.) zamo.  x  o» 
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BoUey  and  Ladd'i  Analysis  of  Mixed  Paints,  Color  Pigments,  and  Yarnishee. 
(In  Press) 

Bopkina*8  Oil-chemists'  Handboolc 8yo,  3  00 

Iddings's  Rock  Minerals 8vo,  5  00 

Jackson's  Directions  for  Laboratory  Work  in  Physiok)gical  Chemistry.  .8vo,  x  35 
Johannsen's  Key  for  the  Determination  of  Rock-fonning  Minerals  in  Thin  Sec- 
tions.    (In  Press) 

Keep's  Cast  Iron. .' 8vo,  a  50 

Ladd's  Manual  of  Quantitatiye  Chemical  Analysis zamo,  z  00 

Landauer's  Spectrum  Analysis.     (Tingle.) 8yo,  3  00 

*  Langworthy  and  Austen.        The  Occurrence  of  Aluminium  in  Vegetable 

Products,  Animal  Products,  and  Natural  Waters 8yo,  a  00 

Lassar-Cohn's  Application  of  Some  General  Reactions  to  Investigations  in 

Organic  Chemistry.     (Tingle.) lamo,  z  00 

Leach's  The  Inspection  and  Analysis  of  Food  with  Special  Reference  to  State 

Control 8vo,  7  50 

L^ib's  Electrochemistry  of  Organic  Compounds.     (Lorenz.) Svo,  3  00 

Lodge's  Notes  on  Assaying  and  Metallurgical  Laboratory  Experiments. ..  .8vo,  3  00 

Low's  Technical  Method  of  Ore  Analysis. 8vo,  3  00 

Lunge's  Techno-chemical  Analysis.     (Cohn.) zamo  z  00 

*  McKay  and  Larson's  Principles  and  Practice  of  Butter-making 8yo,  z  50 

Maiie's  Modem  Pigments  and  their  vehicles.     ( In  Press. ) 

Mandel's  Handbook  for  Bio-chemical  Laboratory zamo,  z  50 

*  Martin's  Laboratory  Guide  to  Qualitative  Analysis  with  the  Bk>wpipe . .  zamo,  60 
Mason's  Water-supply.     (Considered  Principally  from  a  Sanitary  Standpoint) 

3d  Edition,  Rewritten 8vo,  4  00 

Examination  of  Water.     (Chemical  and  Bacteriological) zamo,  z  as 

Matthew's  The  Textile  Fibres,    ad  Edition,  Rewritten    8vo,  4  00 

Meyer's  Determination  of  Radicles  in  Carbon  Compounds.     (Tingle.),  .zamo,  zoo 

Miller's  Manual  of  Assaying zamo,  z  00 

Cyanide  Process zamo,  z  00 

Minet's  Production  of  Aluminum  and  its  Industrial  Use.     (Waldo.) zamo,  a  50 

Mixter's  Elementary  Text-book  of  Chemistry zamo,  z  50 

Morgan's  An  Outline  of  the  Theory  of  Solutions  and  its  Results zamo,  z  00 

Elements  of  Physical  Chemistry zamo,  3  00 

*  Physical  Chemistry  for  Electrical  Engineers zamo,  5  00 

Morse's  Calculations  used  in  Cane-sugar  Factories. z6mo,  morocco,  z  50 

*  Mutr's  History  of  Chemical  Theories  and  Laws 8vo.  4  00 

Mulliken's  General  Method  for  the  Identification  of  Pure  Organic  Compounds. 

Vol  I Large  8vo,  5  00 

O'DriscoU's  Notes  on  the  Treatment  of  Gold  Ores. Svo,  a  00 

Ostwald's  Conversations  on  Chemistry.     Part  One.     (Ramsey.) zamo,  z  so 

Part  Two.     (TurnbulL) zamo,  a  00 

*  Palmer's  Practical  Teet  Book  of  Ghemistzy l2mo,  1  00 

*  Pauli's  Physical  Chemistry  in  the  Service  of  Medicine.     (Fischer. ) . . .  .  zamo,  z  as 

*  Penfield's  Notes  on  Determinative  Mineralogy  and  Record  of  Mineral  Tests. 

8vo,  paper,  so 

Pictet's  The  Alkaloids  and  their  Chemical  Constitution.     (Biddle.) 8vo,  S  00 

Pinner's  Introduction  to  Organic  Chemistry.     (Austen.) zamo,  z  so 

Poole's  Calorific  Power  of  Fuels 8vo,  3  00 

Prescott  and  Winslow's  Elements  of  Water  Bacteriology,  with  Special  Refer- 
ence to  Sanitary  Water  Analysis zamo,  z  35 

*  Reisig's  Guide  to  Piece-dyeing 8vo,  as  00 

Richards  and  Woodman's  Air,  Water,  and  Food  from  a  Sanitary  Standpoint.  .8vo ,  a  co 

Ricketts  and  Miller's  Notes  on  Assaying 8vo,  3  00 

Rideal's  Sewage  and  the  Bacterial  Purification  of  Sewage 8vo,  4  00 

Disinfection  and  the  Preservation  of  Food 8vo,  4  00 

Riggs's  Elementary  Manual  for  the  Chemical  Laboratory 8vo,  z  as 

Robine  and  Leaglen'i  Cyanide  Industry.    (Le  Clerc.) 8vo,  4  00 
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Ruddinum's  Incompatibilities  in  Prescriptions 8vo, 

*  Whys  in  PhArmacy Tamo, 

Sabin's  Industrial  and  Artistic  Technology  of  Paints  and  Varnish .8^9 

Salkowski's  Physiological  and  Pathological  Chemistry.     (Omdorff.) 8vo, 

Schimpfs  Text-book  of  Volumetric  Analysis. X2mo, 

Essentials  of  Volumetric  Analysis. zamo, 

*  Qualitative  Chemical  Analysis ^ 8vo, 

Smith's  Lecture  Notes  on  Chemistry  for  Dental  Students. 8yo» 

Spencer's  Handbook  for  Chemists  of  Beet-sugar  Houses i6mo,  morocco 

Handbook  for  Cane  Sugar  ICanufacturers. x6mo.  morocco. 

Stockbridge's  Rocks  and  Soils 8vo, 

*  Tillman's  Elementary  Lessons  in  Heat 8vo. 

*  Descriptive  General  Chemistry 8vo» 

Treadwell's  Qualitative  Analysis.     (HalL) Svo^ 

Quantitative  Analysis.     (Hall.) 8vo, 

Tumeaure  and  Russell's  Public  Water-supplies 8vo» 

Van  Deventer's  Physical  Chemistry  for  Beginners.     (Boltwood.) zamo. 

*  Walke's  Lectures  on  Explosives 8vo, 

Ware's  Beet-sugar  Manufacture  and  Refining.     Vol.  I Small  8vo, 

Vol.11 SmallSvo, 

Washington's  Manual  of  the  Chemical  Analysis  of  Rocks 8vo, 

Weaver's  Military  Explosives 8vo, 

Wehrenfennlg's  Analysis  and  Softening  of  Boiler  Feed- Water 8vo, 

Wells's  Laboratory  Guide  in«Qualitative  Chemical  Analysis 8vo, 

Short  Course  in  Inorganic  Qualitative  Chemical  Analysts  for  Engineering 

Students zamo. 

Text-book  of  Chemical  Arithmetic zamo, 

Whipple's  Microscopy  of  Drinking-water 8vo, 

Wilson's  Cyanide  Processes zamo, 

Chlorination  Process zamo, 

Winton's  Microscopy  of  Vegetable  Foods 8vo, 

Wuliing's   Elementary   Course   in  Inorganic,  Pharmaceutical,  and  Medical 
Chemistry. zamo. 


CIVIL  ENGINEERING. 

BRIDGES   AND   ROOFS.      HYDRAULICS.       MATERIALS  OF   ENGINEERING 
RAILWAY  ENGINEERING. 

Baker's  Engineers'  Surveying  Instruments. zamo,  3  00 

Bixby's  Graphical  Computing  Table Paper  zg^  Xa4i  inches.  as 

Breed  and  Hosmer's  Principles  and  Practice  of  Surveying 8vo,  3  00 

*  Burr's  Ancient  and  Modern  Engineering  and  the  Isthmian  Canal 8vo,  3  50- 

Comstock's  Field  Astronomy  for  Engineers 8vo,  a  50 

*  Corthdl's  Allofwable  Pzessuies  on  Deep  Foundations i2mo,  z  as 

Crandall's  Text-book  on  Geodesy  and  Least  Squares 8vo,  3  00 

Davis's  Elevation  and  Stadia  Tables 8vo,  z  oa 

Elliott's  Engineering  for  Land  Drainage zamo,  z  50 

Practical  Farm  Drainage zamo,  z  oa 

^Fiebeger's  Treatise  on  Civil  Engineering 8vo,  5  00 

Flemer's  Phototopographic  Methods  and  Instruments.- 8vo,  5  o» 

Folwell's  Sewerage.     (Desigziing  and  Mainteiuince. ) « 8vo,  3  oa 

Freitag's  Architectural  Engineering,     ad  Edition,  Rewritten 8vo,  3  5^ 

French  and  Ives's  Stereotomy Svo,  a  50 

Goodhue's  Municipal  Improvement! zamo,  z  s^ 

Gore's  Elements  of  Geodesy Svo,  a  50 

*  Haneh  and  Rioe'i  Tables  of  Quantities  for  PiSliminary  Estimates l2mo,  z  as 

HayfoFd's  Text-book  of  Geodetic  Astronomy 8vo,  3  o» 
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50 

'Hering'f  Ready  Reference  Tables  (Conversion  Factors) i6mo,  morocco,  a  50 

'Howe's  Retaining  Walls  for  Earth xamo,  x  25 

'Boyt  and  Orover's  River  Dlsdiarge 8vo,  2  00 

'•*  Ives's  Adjustments  of  the  Engineer's  Transit  and  Level z6mo,  Bds.  25 

Ives  and  Hilts's  Problems  in  Sorveying z6mo,  morocco,  x  50 

Johnson's  (J.  B.)  Theory  and  Practice  of  Surveiring Small  8vo,  4  00 

Johnson's  (L.  J.)  Statics  by  Algebraic  and  Graphic  Methods 8vo,  2  00 

Laplace's  Philosophical  Essay  on  Probabilities.    (Truscott  and  Emory.) .  lamo,  2  00 

.Mahan's  Treatise  on  Civil  Engineering.     (x873.)     (Wood.) 8vo,  5  00 

*      Descriptive  Geometry 8vo,  x  50 

Jfferriman's  Elements  of  Precise  Survejring  and  Geodesy 8vo,  2  50 

Merriman  and  Brooks's  Handbook  for  Surveyors x6mo,  morocco,  2  00 

ITugenfs  Plane  Surveying 8vo,  3  50 

Ogden'8  Sewer  Design. i2mo,  2  00 

Parsons's  Disposal  of  Municipal  Refuse 8vo,  2  00 

Patton's  Treatise  on  Civil  Engineering 8vo  half  leather,  7  50 

Reed's  Topographical  Drawing  and  Sketching 4to,  5  00 

Rideal's  Sewage  and  the  Bacterial  Purification  of  Sewage 8vo,  4  00 

.Riemer's  Shaft-sinking  under  Difficult  Conditioos.    (Coming  and  Peele.) .  .8vo,  3  00 

vSiebert  and  Biggin's  Modem  Stone-cutting  and  Masonry 8vo,  x  50 

Smith's  Manual  of  Topographical  Drawing.     (McMillan.) 8vo,  2  50 

^Sondericker's  Graphic  Statics,  with  Applications  to  Trusses,  Beams,  and  Arches. 

8vo,  2  00 

Taylor  and  Thompson's  Treatise  on  Concrete,  Plain  and  Reinforced 8vo,  5  00 

-Tracy's  Plane  Surveying i6mo,  moroooo,  3  00 

-*  Trautwine's  Civil  Engineer's  Pocket-book x6mo,  morocco,  5  00 

Tenable's  Garbage  Crematories  in  America. 8vo,  2  00 

Wait's  Engineering  and  Architectural  Jurisprudence 8vo,  6  00 

Sheep,  6  50 
Law  of  Operations  Preliminary  to  Construction  in  Engineering  and  Archi- 
tecture  8vo,  5  06 

Sheep,  5  SO 

Law  of  Contracts 8vo,  3  00 

Warren's  Stereotomy — Problems  in  Stone-cutting 8vo,  2  50 

Webb's  Problems  in  the  Use  and  Adjustment  of  Engineering  Instruments. 

xomo,  morocco,    x  25 
Wilson's  Topographic  Surveying. 8vo,    3  50 

BRIDGES  AND  ROOFS. 

.'Boiler's  Practical  Treatise  on  the  Construction  of  Iron  Highway  Bridges.  .8vo,  2  00 

Burr  and  Falk's  Influence  Lines  for  Bridge  and  Roof  Computations 8vo,  3  00 

Design  and  Construction  of  Metallic  Bridges 8vo,  5  00 

Du  Bois's  Mechanics  of  Engineering.     VoL  IL Snrall  4to,  xo  00 

Foster's  Treatise  qn  Wooden  Trestle  Bridges 4to,  5  00 

Fowler's  Ordinary  Foundations 8vo,  3  50 

Greene's  Roof  Trusses 8vo,  x  25 

Bridge  Trusses. 8vo,  2  50 

Arches  in  Wood,  Iron,  and  Stone 8vo«  2  50 

Grimm's  Secondary  Stresses  in  Brfdge  Trassefl.     (In  Press. ) 

!Howe'8  Treatise  on  Arches 8vo,  4  00 

Design  of  Simple  Roof-trusses  in  Wood  and  SteeL 8vo,  2  00 

Sirmmetrical  Masonry  Arches 8vo,  2  50 

Johnson,  Bryan,  and  Turneaure's  Theory  and  Practice  in  the  Designing  of 

Modem  Framed  Structures.. Small  4to,  xo  00 

Merriman  and  Jacoby's  Text-book  on  Roofs  and  Bridges : 

Part  I.    Stresses  in  Simple  Trusses 8vo,  2  50 

Part  n.    Graphic  Statics. 8vo,  2  50 

Part  in.  Bridge  Design .8vo,  2  50 

Part  IV.  Higher  Structures 8vo,  2  so 
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Morison's  Memphis  Bridge. 4to,  xo  o» 

Waddell's  De  Pontibus,  a  Pocket-book  for  Bridge  Engineers. .  x6mo,  morocco,    a  oo 

*         Specifications  for  Steel  Bridges. xamo,        50 

Wright's  Designing  of  Draw-spans.    Two  parts  in  one  vohime 8yo,    3  so 


HYDRAULICS. 

Barnes's  Ice  Formation 8to»  3  o» 

Bazin's  Experiments  upon  the  Contraction  of  the  Liquid  Vein  Issuing  from 

an  Orifice.     (Trautwine.) 8vo,  2  00 

Bovey's  Treatise  on  Hydraulics 8vo,  5  00- 

Church's  Mechanics  of  Engineering 8vo,  6  oo 

Diagrams  of  Mean  Velocity  of  Water  in  Open  Channels paper,  x  50- 

Hydraulic  Motors. 8vo.  a  oo- 

Coffin's  Graphical  Solution  of  Hydraulic  Problems i6mo,  morocco,  2  50- 

Flather's  Dsmamometers,  and  the  Measurement  of  Power. . .    z2mo,  3  oa 

Folwell's  Water-supply  Engineering 8vo,  4  oo- 

Frizell's  Water-power 8vo,  s  oo- 

Fuertes's  Water  and  Public  Health i2mo.  z  50- 

Water-filtration  Works lamo.  a  50- 

GanguiUet  and  Kutter's  General  Formula  for  the  Uniform  Flow  of  Water  m 

Rivers  and  Other  Channels.     (Bering  and  Trautwine.) 8to.  4  00 

Hazen'8  Clean  Water  and  How  to  Get  It Large  i2mo,  l  So 

Filtration  of  Public  Water-supply 8vo,  3  oo- 

Hazlehurst's  Towers  and  Tanks  for  Water- works 8vo,  2  50- 

Herschel's  xxs  Experiments  on  the  Carrying  Capacity  of  Large,  Riveted,  Metal 

Conduits 8vo,  a  oo- 

*  Hubbard  and  Kiersted's  Water-works  Management  and  Maintenanoe. .  -Svo,  4  00 
Mason's  Water-supply.     (Considered  Principally  from  a  Sanitary  Standpoint) 

Svo,  4  oo- 

Merriman's  Treatise  on  Hydraulics Svo,  5  00- 

*  Michie's  Elements  of  Analytical  Mechanics Svo,  4  00 

Schuyler's  Reservoirs  for  Irrigation,  Water-power,  and  Domestic  Water- 
supply Large  Svo,  5  w> 

^  Thomas  and  Watt's  Improvement  of  Rivers 4to,  6  o» 

Turneaure  and  Russell's  Public  Water-supplies Svo,  5  oo> 

Wegmann's  Design  and  Construction  of  Dams.     5th  Edition,  enlarged. .  .4to,  6  o» 

Water-supply  of  the  City  of  New  York  from  1658  to  X895 4to,  10  oo> 

Whipple's  Value  of  Pure  Water Large  Z2mo,  i  00 

Williams  and  Hazen's  Hydraulic  Tables. Svo.  x  5» 

Wilson's  Irrigation  Engineering Small  Svo,  4  00 

Wolff's  Windmill  as  a  Prime  Mover Svo,  3  00 

Wood's  Turbines. Svo,  a  50 

Elements  of  Analytical  Mechanics Svo,  3  00 


MATERIALS  OF  ENGINEERING. 

Baker's  Treatise  on  Masonry  Construction Svo.  s  00 

Roads  and  Pavements Svo,  5  00 

Black's  United  States  Public  Works Oblong  4to,  5  00 

*  Bovey's  Strength  of  Materials  and  Theory  of  Structures Svo,  7  50- 

Burr's  Elasticity  and  Resistance  of  the  Materials  of  Engineering. Svo,  7  So 

Bjrrne's  Highway  Construction Svo,  5  00- 

Inspection  of  the  Materials  and  Workmanship  Employed  in  Construction. 

x6mo,  3  oo> 

Church's  Mechanics  of  Engineering Svo,  6  00 

Du  Bois's  Mechanics  of  Engineering.     Vol.  I Small  4C0  7  SO 

^Eckel's  Cements,  Limes,  and  Plasters Svo,  6  oo 
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Johflson'f  MateriaJs  of  Construction. Larse  8to, 

Fowiet^f  Ordinary  Foundations 8vo, 

Graves's  Forest  Mensuration 8vo, 

•  Greene's  Structural  Mechanics. 8vo, 

Keep's  Cast  Iron, 8to, 

Lanza's  Applied  Mechanics. 8vo. 

Martens's  Handbook  on  Testing  Materials.     (Henning.)    2  vols 8vo, 

Manrer's  Technical  Mechanics 8vo, 

Merrill's  Stones  for  Building  and  Decoration 8vo» 

Merriman's  Mechanics  of  Materials Svor, 

•  Strength  of  Materials x2mo, 

Metcalf  s  Steel.     A  Manual  for  Steel-users i2mo» 

Patton's  Practical  Treatise  on  Foundations 8vo, 

Richardson's  Modern  Asphalt  Pavements 8vo, 

Richey's  Handbook  for  Superintendents  of  Construction x6mo,  mor., 

•  Rles's  Clays:  Their  Occurrence.  Properties,  and  Uses 8vo, 

Rockwell's  Roads  and  Pavements  in  France i2mo, 

Sabin's  Industrial  and  Artistic  Technology  of  Paints  aci  Varnish 8vo, 

•  Schwarz's  Longleaf  Pine  in  Virgin  Forest larao, 

Smith's  Materials  of  Machines i2mo, 

Snow's  Principal  Species  of  Wood 8vo, 

Spalding's  Hydraulic  Cement i2mo. 

Text-book  on  Roads  and  Pavements x2mo, 

Taylor  and  Thompson's  Treatise  on  Concrete,  Plain  and  Reinforced 8vo, 

Thurston's  Materials  of  Engineering.     3  Parts 8vo, 

Part  I.     Non-metaUic  Materials  of  Engineering  and  Metallurgy 8vo, 

Part  n.     Iron  and  Steel 8vo, 

Part  in.     A  Treatise  on  Brasses,  Bronzes,  and  Other  Alloys  and  their 

Constituents 8vo, 

Tillson's  Street  Pavements  and  Paving  Materials 8vo, 

Tumeaure  and  Mauitr's  Prindples  of  Reinforced  Concrete  Construction-  .  8vo, 
Waddell's  De  Pontibus.   (A  Pocket-book  for  Bridge  Engineers.). . x6mo.  mor., 

•  Specifications  for  Steel  Bridges x2mo, 

Wood's  (De  V.)  Treatise  on  the  Resistance  of  Materials,  and  an  Appendix  on 

the  Preservation  of  Timber 8vo, 

Wood's  (De  V. )  Elements  of  Analytical  Mechanics 8vo, 

Wood's  (M.  P.)  Rustless  Coatings;    Corrosion  and  Electrolysis  of  Iron  and  • 

SteeL 8vo,    4  00 


RAaWAY  ENGINEERING. 

Andrew's  Handbook  for  Street  Railway  Engineers 3x5  inches,  morocco,    z  3$ 

Berg's  Buildings  and  Structures  of  American  Raihroads 4to,    5  00 

Brook's  Handbook  of  Street  Railroad  Location. i6mo,  morocco,    z  50 

Butt's  Civil  Engineer's  Field-book x6mo,  morocco,    2  50 

Crandall's  Transition  Curve z6mo,  morocco,    x  50 

Railway  and  Other  Earthwork  Tables 8vo,    x  50 

Ciookett's  Methods  for  Earthwork  Computations.     (In  Press) 

Dawson's  "Engineering"  and  Electric  Traction  Pocket-book . .  x6mo,  morocco 

Dredge's  History  of  the  Pennsylvania  Raihoad:   (X879) Paper, 

Fisher's  Table  of  Cubic  Yards Cardboard, 

Godwin's  Railroad  Engineers'  Field-book  and  Explorers'  Guide. . .  x6mo,  mor., 
Hudson's  Tables  for  Calculating  the  Cubic  Contents  of  Excavations  and  Em- 
bankments  8vo, 

Molitor  and  Beard's  Manual  for  Resident  Engineers x6mo. 

Nagle's  Field  Manual  for  Raihroad  Engineers x6mo,  morocco, 

Philbrick's  Field  Manual  for  Engineers x6mo,  morocco, 

Raymond's  Elements  of  Railroad  Engineering.     (In  Press.) 
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Searks'i  Field  Bngineering. z6mo,  morocco,  3  00 

Railroad  Spiral 16010,  morocco,  i  50 

Taylor's  Piitmoidal  Formute  and  Earfhworit. 8vo,  i  50 

*  Trautwine's  Method  of  Cakulatiiiff  the  Cabe  ContentB  of  Excavations  and 

Embankments  by  the  Aid  of  Diagrams. 8vo,  2  00 

The  Field  Practice  of  Layinc  Out  Circular  Cunres  for  Railroads. 

zamo,  morocco,  2  50 

Cross-section  Sheet Pftper,  25 

Webb's  Railroad  Construction z6mo,  morocco,  5  00 

Economics  of  Railroad  Construction Large  zimo,  a  50 

Wellington's  Economic  Theory  of  the  Location  of  Railways. Small  8vo«  5  00 


DRAWING. 

Barr's  Kinematics  of  Machinery. 8to,  a  50 

«  Bartlett's  Mechanical  Drawing. 8to,  3  00 

*  "                  "                  •'      Abridged  Ed. . 8vo,  150 

Coolidge's  Manual  of  Drawing 8vo,  paper,  z  00 

Coolidge  and  Freeman's  Elements  of  General  Drafting  for  Mechanical  Engi- 
neers  Oblong  4to,  a  50 

Durley's  Kinematics  of  Machines 8vo,  4  00 

Emch's  Introduction  to  Projective  Geometry  and  its  Applications. 8vo,  a  50 

Hill's  Text-book  on  Shades  and  Shadows,  and  Perspective 8vo,  a  00 

Jamison's  Elements  of  Mechanical  Drawing Svo,  a  50 

Advanced  Mechanical  Drawing Svo,  a  00 

Jones's  Machine  Design: 

Part  L    Kinematics  of  Machinery. Svo,  z  50 

Part  IL     Form,  Strength,  and  Proportions  of  Parts 8vo,  3  00 

MacCord's  Elements  of  Descriptive  Geometry Svo,  3  00 

Kinematics;  or.  Practical  Mechanism 8vo,  s  00 

Mechanical  Drawing 4to,  4  00 

Velocity  Diagrams Svo,  z  50 

MacLeod's  Descriptive  Geometry. Small  Svo,  z  50 

*  Mahan's  Descriptive  Geometry  and  Stone-cutting Svo,  i  50 

Industrial  Drawing.     (Thompson.) Svo,  3  50 

Moyer's  Descriptive  Geometry Svo,  a  00 

Reed's  Topographical  Drawing  and  Sketching 4to,  5  00 

Reid's  Course  in  Mechanical  Drawing Svo,  a  00 

Text-book  of  Mechanical  Drawing  and  Elementary  Machine  Design .  Svo,  3  00 

Robinson's  Principles  of  Mechanism Svo,  3  00 

Schwamb  and  Merrill's  Elements  of  Mechanism Svo,  3  00 

Smith's  (R.  S.)  Manual  of  Topographical  Drawing.     (McMillan.) Svo,  2  50 

Smith  (A  W.)  and  Marx's  Machine  Design Svo,  3  00 

*  Titsworth's  Elements  of  Mechanical  Drawing Oblong  Svo,  x  as 

Warren's  Elements  of  Plane  and  Solid  Free-hand  Geometrical  Drawing.  lamo,  z  00 

Drafting  Instruments  and  Operations i2mo,  z  as 

Manual  of  Elementary  Projection  Drawing lamo,  z  50 

Manual  of  Elementary  Problems  in  the  Linear  Perspective  of  Form  and 

Shadow zamo,  z  00 

Plane  Problems  in  Elementary  Geometry zamo,  x  as 

Elements  of  Descriptive  Geometry,  Shadows,  and  Perspective Svo,  3  50 

General  Problems  of  Shades  and  Shadows Svo,  3  00 

Elements  of  Machine  Construction  and  Drawing Svo,  7  so 

Problems,  Theorems,  and  Examples  in  Descriptive  Geometry Svo,  a  so 

Weisbach's    Kinematics    and    Power    of    Transmission.        (Hermann    and 

Klein.) Svo,  s  o© 

Whelpley's  Practical  Instruction  in  the  Art  of  Letter  Engraving zamo,  a  oo 

Wilson's  (H.  M.)  Topographic  Surveying 8vo,  3  50 
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Wibon's  (V.  T.)  Free-hand  Perftpectiye 8vo,    a  50 

Wilson's  (V.  T.)  Free-hand  L^tterinc 8to,    i  go 

WoolTs  Elementary  Course  in  Descriiitive  Geometry Large  8to,    3  00 

ELECTRICITY  AND  PHYSICS. 

'*  Abegg's  Theory  of  Electrolsrtic  Dissociation.     (Von  Ende.) xamo»  x  as 

Anthony  and  Braclcett's  Text-book  of  Physics.     (Magie.) Small  8vo,  3  00 

Anthony's  Lecture-notes  on  the  Theory  of  Electrical  Measurements xamo,  x  00 

fienjamin's  History  of  Electricity. 8vo,  3  00 

Voltaic  Cell. 8vo.  3  00 

Betts's  Lead  Refining  and  Blectndyals.    (In  Press.) 

Classen's  QuantitatiYe  Chemical  Analysis  by  Electrolysis.     (Boltwood.).8yo,  3  00 

«  CoUins's  Manual  of  Wireless  Telegraphy xamo,  x  so 

Morocco,  a  00 

Crehore  and  Squier's  Polarizing  Photo-chronograph 8vo,  3  00 

*  Danneel's  Electrochemistry.    (Merriaml) lamo,  i  as 

Dawson's  "Engineering"  and  Electric  Traction  Pocket-book.  i6mo,  morocco,  s  00 
Dolezalek's  Theory  of  the  Lead  Accumulator  (Storage  Battery).  (Von  Ende.) 

lamo,  a  so 

Duhem's  Thermodynamics  and  Chemistry.     (Burgess.) 8yo,  4  00 

F]ather*s  Dynamometers,  and  the  Measurement  of  Power lamo,  3  00 

Gilbert's  De  Magnete.     (Mottelay.) 8vo.  a  50 

Hanchett's  Alternating  Currents  Explained. xamo,  i  00 

Bering's  Ready  Reference  Tables  (Conversion  Factors) i6mo,  morocco,  a  50 

Hbbart  axid  Ellis's  High-speed  Dsmamo  Blectxic  Machinery.     (In  Press.) 

Holman's  Precision  of  Measurements 8yo,  a  00 

Telescopic  Mirror-scale  Method,  Adjustments,  and  Tests LaxgeSvo*  75 

Xanipetoff's  Experimental  Electrical  Engineering.     (In  Press.) 

Kinzbrunner's  Testing  of  Continuous-current  Machines 8to,  a  00 

Landauer's  Spectrum  Analysis.     (Tingle.) 8yo,  3  00 

Le  Chatelier's  High-temperature  Measurements.  (Boudouard — Burgess.)  xamo,  3  00 

Lob's  Electrochemistry  of  Organic  Compounds.     (Lorenz.) 8to,  3  00 

*  Lyons'!  Treatise  on  Electromagnetic  Phenomena.  Vols.  I.  and  II.  8to,  each,  6  00 

«  Michie's  Elements  of  Wave  Motion  Relating  to  Sound  and  Light 8vo,  4  00 

ITiaudet's  Elementary  Treatise  on  Electric  Batteries.     (Fishback.) xamo,  a  so 

Horris's  Introduction  to  the  Study  of  Electrical  Engineerihg.     (In  Press.) 

*  Parshall  and  Hobart's  Electric  Machine  Design 4to,  half  morocco,  xa  so 

Reagan's  Locomotives:   Simple,  Compound,  and  Electric.      New  Edition. 

Large  xamo,  3  SO 

*  Rosenberg's  Electrical  Engineering.     (Haldane  Gee — Kinzbrunner.).  .  .8vo,  a  00 

Hyan,  Norris,  and  Hozie's  Electrical  Machinery.     VoL  L 8vo,  a  50 

Thurston's  Stationary  Steam-engines 8vo,  a  50 

*  Tillman's  Elementary  Lessons  in  Heat 8yo,  x  50 

Tory  and  Pitcher's  Manual  of  Laboratory  Physics. Small  8to»  a  00 

Dike's  Modem  Electrolytic  Copper  Refining 8yo,  3  00 

LAW. 

"*  Davis's  Elements  of  Law. 8to,  a  so 

*  Treatise  on  the  Military  Law  of  United  States 8vo,  7  00 

••                                                                                                                Sheep,  7  50 

'^  Dudley's  Military  Law  and  the  Procedure  oi  Courts- martial . . .   Larire  lamo,  a  50 

Manual  for  Courts-martial i6mo,  morocco,  x  50 

Waifs  Engineering  and  Architectural  Jurisprudence 8vo,  6  00 

Sheep,  6  so  . 
Law  of  Operations  Preliminary  to  Construction  in  Engineering  and  Archi- 
tecture     8vo  5  00 

Sheep.  5  SO 

'  Law  of  Contracts 8vo.  3  00 

Winthrop's  Abridgment  of  Military  Law xamo,  a  50 

11 


MANUFACTURES. 

Benuidott's  Smokeless  Powder — Nitro-cellulose  and  Theory  of  the  CeUulose 

Molecule lamo,  2  50 

Bollsnd's  Iron  Founder i2mo,  a  50 

The  Iron  Founder,*'  Supplement i  amo,  a  50 

Encyclopedia  of  Founding  and  Dictionary  of  Foundry  Terms  Used  in  the 

Practice  of  Moulding iamo»  3  oo 

*  Claassen's  Beet-sugar  Manufacture.    (Hall  and  Rolfe.) 8vo,  3  00 

*  Eckel's  Cements,  Limes,  and  Plasters 8to,  6  00 

Eissler's  Modern  High  Explosives 8vo,  4  00- 

Effront's  Enzymes  and  their  Applications.     (Prescott.) 8vo,  3  00 

Fitzgerald's  Boston  Machinist. lamo,  z  00 

Ford's  Boiler  Making  for  Boiler  Makers i8mo,  x  00 

Herrick's  Denatured  or  Industrial  Alcohol 8vo,  4  oo 

HOII07  aad  Ladd's  Analysis  of  Mixed  Paints,  Color  Pigments,  and  Vaniishes. 

(In  Press.) 

Hopkins's  Oil-chemists*  Handbook 8vo,  3  o» 

Keep's  Cast  Iron 8vo,  a  50 

Leach's  The  Inspection  and  Analsrsis  of  Food  with  Special  Reference  to  State 

Control Large  8vo,  7  5o^ 

*  McKay  and  Larsen's  Principles  and  Practice  of  Butter-making 8vo,  i  50 

Malie's  Modern  Pigments  and  their  Vehicles.     (In  Press.) 

Matthews's  The  Textile  Fibres,     ad  Edition,  Rewritten 8vo,  4  00 

Metcalf's  Steel.     A  Maunal  for  Steel-users lamo,  a  00 

Metcalfe's  Cost  of  Manufactures —And  the  Administration  of  Workshops  .8vo,  5  oo> 

Meyer's  Modem  Locomotive  Construction 4to,  10  00 

Morse's  Calculations  used  in  Cane-stigar  Factories z6mo,  morocco,  i  50 

*  Reisig's  Guide  to  Piece-dyeing 8vo,  35  00 

Rice's  Concrete-block  Manufacture  . , 8vo,  a  00 

Sabin's  Industrial  and  Artistic  Technology  of  Paints  and  Varnish 8vo,  3  00 

Smith's  Press-working  of  Metals 8vo,  3  oa 

Spalding's  Hydraulic  Cement lamo,  a  00 

Spencer's  Handbook  for  Chemists  of  Beet-sugar  Houses i6mo,  morocco,  3  00 

Handbook  for  Cane  Stigar  Manufacturers x6mo,  morocco,  3  00 

Taylor  and  Thompson's  Treatise  on  Concrete,  Plain  and  Reinforced 8vo,  s  00 

Thurston's  Manual  of  Steam-boilers,  their  Designs,  Construction  and  Opera- 
tion     8vo,  5  00 

Ware's  Beet-sugar  Manufacture  and  Refining.     Vol.  I Small  8vo,  4  00 

Vol.  U 8vo,  500 

Weaver's  Military  Explosives 8vo,  3  00 

West's  American  Foundry  Practice lamo,  a  so 

Moulder's  Text-book lamo,  a  50 

Wolff's  Windmill  as  a  Prime  Mover 8vo,  3  00 

Wood's  Rustless  Coatings:  Corrosion  and  Electrolysis  of  Iron  and  Steel .  .8vo,  4  00 

MATHEMATICS. 

Baker's  Elliptic  Functions 8vo,  x  50 

Briggs's  Elements  of  Plane  Analytic  Geometry xamo,  x  00 

Buchanan's  Plane  and  Spherical  Tiigonometry.     (In  Press.) 

Compton's  Manual  of  Logarithmic  Computations x  amo,  x  50 

Davis's  Introduction  to  the  Logic  of  Algebra 8vo,  x  50 

*  Dickson's  College  Algebra Large  xamo,  1  50 

*  Introduction  to  the  Theory  of  Algebraic  Equations Large  xamo,  x  25 

Bmch's  Introduction  to  Projective  Geometry  and  its  Applications 8vo,  2  50 

Halsted's  Elements  of  Geometry 8vo,  1  75 

Elementary  Synthetic  Geometry 8vo,  1  50 

*  Rational  Geometry iamo»  i  50 
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*  Johnson's  (J.  B.)  Three-place  Logarithmic  Tables;  Vest-pocket  size. paper,        15 

100  copies  for     5  00 
«  Mounted  on  heavy  cardboard,  8X 10  inches,        25 

xo  copies  for     a  00 
Johnson's  (W.  W.)  Elementary  Treatise  on  Differential  Calculus.  .Small  8vo,     3  00 

Elementary  Treatise  on  the  Integral  Calculus Small  8vo,     i  50 

Johnson's  (W.  W.)  Curve  Tracing  in  Cartesian  Co-ordinates lamo,     x  00 

Johnson's  (W.  W.)  Treatise  on  Ordinary  and  Partial  Differential  Equations. 

Small  8vo,     3  50 

Johnson's  Tieatlae  on  the  Integral  Calcnlus Small  svo,     3  00 

Johnson's  (W.  W.)  Theory  of  Errors  and  the  Method  of  Least  Squares. X2mo,     x  50 

*  Johnson's  ( W.  W.)  Theoretical  Mechanics xamo,     3  00 

Laplace's  Philosophical  Essay  on  Probabilities.     (Truscottand  Emory.).x2mo,     200 

*  Ludlow  and  Bass.     Elements  of  Trigonometry  and  Logarithmic  and  Other 

Tables 8vo,     3  00 

Trigonometry  and  Tables  published  separately Each,     a  00 

*  Ludlow's  Logarithmic  and  Trigonometric  Tables 8vo,     x  00 

Manning's  Irrationallf  umbers  and  their  Representation  bySequences  and  Series 

xamo,     I  25 
Mathematical  Monographs.     Edited  by  Mansfield  Merriman  and  Robert 

S.  Woodward. Octavo,  each    x  00 

No.  X.  History  of  Modern  Mathematics,  by  David  Eugene  Smith. 
No.  a.  Ssmthetic  Projective  Geometry,  by  George  Bruce  Halsted. 
Ko.  3.  Determinants*  by  Laenas  Gifford  Weld.  No.  4.  Hyper- 
bolic Functions,  by  James  McMahon.  No.  s.  Harmonic  Func- 
tions, by  William  £.  Byerly.  No.  6.  Grassmann's  Space  Analysis, 
by  Edward  W.  Hyde.  No.  7.  Probability  and  Theory  of  Errors, 
by  Robert  S.  Woodward.  No.  8.  Vector  Analysis  and  Quaternions, 
by  Alexander  Macfarlane.  No.  9.  Differential  Equations,  by 
William  Woolsey  Johnson.  No.  xo.  The  Solution  of  Equations, 
by  Mansfield  Merriman.  No.  'x  i.  Functions  of  a  Complex  Variable, 
by  Thomas  S.  Fiske. 

Maurer's  Technical  Mechanics 8vo,    4  00 

Merriman's  Method  of  Least  Squares 8vo,    a  00 

Rice  and  Johnson's  Elementary  Treatise  on  the  Differential  Calcuhxs. .  Sm.  8vo,    3  00 
Differential  and  Integral  Calculus,     a  vols,  in  one Small  8vo,    .1  50 

*  Veblen  and  Lennes's  Introduction  to  the  Real  Infinitesimal  Analysis  of  One 

Variable 8vo,    2  00 

Wood's  Elements  of  Co-ordinate  Geometry. 8vo,    a  00 

Trigonometry:  Analytical,  Plane,  and  Spherical xamo,    x  00 

MECHANICAL  ENGINEERING. 

MATERIALS  OF  ENGINEERING,  STEAM-ENGINES  AND  BOILERS. 

Bacon's  Forge  Practice X2mo,  x  50 

Baldwin's  Steam  Heating  for  Buildings x2mo,  2  50 

Barr's  Kinematics  of  Machinery 8vo,  2  50 

*  Bartlett's  Mechanical  Drawing Svo,  3  00 

*  "  "  "        Abridged  Ed Svo,    x  50 

Benjamin's  Wrinkles  and  Recipes. xamo,    a  00 

Carpenter's  Experimental  Engineering Svo,    6  00 

Heating  and  Ventilating  Buildings Svo,  4  00 

Clerk's  Gas  and  Oil  Engine Small  Svo,  4  00 

Coolidge's  Manual  of  Drawing Svo,  paper,  x  00 

Coolidge  and  Freeman's  Elements  of  General  Drafting  for  Mechanical  En- 
gineers  Oblong  4to,  a  50 

Cromwell's  Treatise  on  Toothed  Gearing xamo,  x  50 

Treatise  on  Belts  and  Pulleys xamo,  x  50 
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Durley's  Kinematics  of  Machines 8to»  4  o» 

Flather's  Dynamometers  and  the  Measurement  of  Power xamo»  3  00 

Rope  Driving i  jmo,  2  00 

Gill's  Gas  and  Fuel  Analysis  for  Engineers xamo,  x  25 

Hall's  Car  Lubrication. iimo,  t  00 

Bering's  Ready  Reference  Tables  (Conversion  Factors) i6mo»  morocco,  2  50 

Button's  The  Gas  Engine 8vo,  5  00 

Jamison's  Mechanical  Drawing 8to,  a  50 

Jones's  Machine  Design: 

Part  I.     Kinematics  of  Machinery 8to,  i  50 

Part  n.     Form,  Strength,  and  Proportions  of  Parts 8yo,  3  00 

Kent's  Mechanical  Engineers'  Pocket-book. x6mo,  morocco,  5  00 

Kerr's  Power  and  Power  Transmission. 8yo,  2  00 

Leonard's  Machine  Shop,  Tools,  and  Methods 8vo,  4  00 

*  Lorenz's  Modem  Refrigerating  Machinery.    (Pope,  Baven,  and  Dean.) . .  8to,  4  00 
MacCord's  Kinematics;  or.  Practical  Mechanism 8vo,  5  00 

Mechanical  Drawing. 4to,  4  00 

yek>city  Diagrams. 8yo,  x  50 

MacFarland's  Standard  Reduction  Factors  for  Gases 8yo,  x  50 

Mahan's  Industrial  Drawing.     (Thompson.) 8to,  3  50 

Poole's  Cak>rific  Power  of  Fuels 8to,  3  00 

Raid's  Course  in  Mechanical  Drawing 8yo.  2  00 

Text-book  of  Mechanical  Drawing  and  Elementary  Machine  Design. 8yo,  3  00 

Richard's  Compressed  Air xamo,  x  50 

Robinson's  Principles  of  Mechanism 8vo,  3  00 

Schwamb  and  Merrill's  Elements  of  Mechanism 8vo,  3  00 

Smith's  (O.)  Press-working  of  Metals 8vo,  3  00 

Smith  (A.  W.)  and  Marx's  Machine  Design 8vo,  3  00 

Thurston's  Treatise  on  Friction  and  Lost  Work  in  Machinery  and  Mill 

Work 8vo,  3  00 

Animal  as  a  Machine  and  Prime  Motor,  and  the  Laws  of  Energetics .  x  amo,  x  00 

Tillson's  Complete  Automobile  Instructor x6mo,  i  50 

Morocco,  2  00 

Warren's  Elements  of  Machine  Construction  and  Drawing 8yo,  7  50 

Weisbach's    Kinematics   and   the    Power   of    Transmission.     (Berrmann — 

Klein.) 8vo,  5  00 

Machinery  of  Transmission  and  Governors.     (Herrmann — Klein.).  .8vo,  5  00 

Wolff's  Windmill  as  a  Prime  Mover 8vo,  3  00 

Wood's  Turbines. 8vo,  2  50 

MATERIALS  bF   ENGINEERING. 

*  Bovey's  Strength  of  Materials  and  Theory  of  Structures 8vo,  7  50 

Burr's  Elasticity  and  Resistance  of  the  Materials  of  Engineering.    6th  Edition. 

Reset 8vo,  7  50 

Church's  Mechanics  of  Engineering 8vo,  6  00 

*  Greene's  Structural  Mechanics 8vo,  2  50 

Johnson's  Materials  of  Construction 8to,  6  00 

Keep's  Cast  Iron Svo,  2  50 

Lanza's  Applied  Mechanics. 8vo,  7  50 

Martens 's  Bandbook  on  Testing  Materials.     (Benning.) 8vo,  7  50 

Maurer's  Technical  Mechanics 8vo,  4  00 

Merriman's  Mechanics  of  Materials 8yo,  5  00 

*  Strength  of  Materials xamo,  x  00 

Metcalf's  SteeL     A  Manual  for  Steel-users xamo,  2  00 

Sabin's  Industrial  and  Artistic  Technology  of  Paints  and  Varnish 8vo,  3  00 

Smith's  Materials  of  Machines xamo,  x  00 

Thurston's  Materials  of  Engineering 3  vols.,  8vo,  8  00 

Part  n.     Iron  and  Steel 8vo,  3  5© 

Part  in.     A  Treatise  on  Brasses,  Bronzes,  and  Other  Alloys  and  their 

Constituents 8to,  a  so 
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Wood's  (D«  V.)  Treatise  on  the  Resistance  of  ICaterials  and  an  Appendix  on 

the  Preservation  of  Timber 8yo,    2  00 

Elements  of  Analytical  Mechanics. 8to,    3  00 

Wood's  (M.  P.)  Rustless  Coatings:   Corrosion  and  Electrolysis  of  Iron  and 

Steel 8to.    4  00 

STEAM-ENGINES  AND  BOILERS. 

Berry's  Temperature-entropy  Diagram. lamo,    i  25 

Camot's  Reflections  on  the  Motive  Power  of  Heat     (Thurston.) ximo,    x  50 

Creighton's  Steam-engine  and  other  Heat-motors — 8vo,    5  00 

Dawson's  " Engineering"  and  Electric  Traction  Pocket-book. . . . i6mo,  mor.*    5  00 

Ford's  Boiler  Making  for  Boiler  Makers. x8mo,    x  00 

Goss's  Locomotive  Sparks. 8vo,    2  00 

Locomotive  Performance 8vo,  5  00 

Hemenway's  Indicator  Practice  and  Steam-engine  Economy xamo,    2  00 

Button's  Mechanical  Engineering  of  Power  Plants. 8vo,    $  00 

Heat  and  Heat-engines 8vo,    s  00 

Kent's  Steam  boiler  Economy. 8vo,    4  00 

Kneass's  Practice  and  Theory  of  the  Injector 8vo,    z  50 

MacCord's  Slide-valves 8vo,    2  00 

Meyer's  Modem  Locomotive  Construction 4tOf  10  oo 

Peabody's  Manual  of  the  Steam-engine  Indicator xamo,    x  50 

Tables  of  the  Properties  of  Saturated  Steam  and  Other  Vapors. 8vo,    x  00 

Thermodynamics  of  the  Stbam-engine  and  Other  Heat-engines 8vo,    5  00 

Vahre-gears  for  Steam-engines 8vo,    2  50 

Peabody  and  Miller's  Steam-boilers 8vo»    4  00 

Pray's  Twenty  Years  with  the  Indicator Large  8vo,    2  50 

Pupin's  Thermod3mamics  of  Reversible  Cycles  in  Gases  and  Saturated  Vapors. 

(Osterberg.) x2mo,    x  2$ 

Reagan's  Locomotives:  Simple,  Compound,  and  Electric.    New  Edition. 

Large  i2mo,    3  50 

Sinclair's  Locomotive  Engine  Running  and  Management x2mo,    2  00 

Smart's  Handbook  of  Engineering  Laboratory  Practice x2mo,    2  50 

Snow's  Steam-boiler  Practice 8vo,    3  00 

Spangler's  Valve-gears 8vo,    2  50 

Notes  on  Thermodynamics X2mo,    z  00 

Spangler,  Greene,  and  Marshall's  Elements  of  Steam-engineering .8vo,    3  00 

Thomas's  Steam-turbines 8vo,    3  50 

Thurston's  Handy  Tables. 8vo,    i  50 

Manual  of  the  Steam-engine 2  vols.,  8vo,  zo  00 

Part  L    History,  Structure,  and  Theory. 8vo,    6  00 

Part  n.     Design,  Construction,  and  Operation Svo,    6  00 

Handbook  of  Engine  and  Boiler  Trials,  and  the  Use  of  the  Indicator  and 

the  Prony  Brake. Svo,    $  00 

Stationary  Steam-engines. Svo,    2  50 

Steam-boiler  Ezptosions  in  Theory  and  in  Practice x2mo,    z  50 

Manual  of  Steam-boilers,  their  Designs,  Construction,  and  Operation .  Svo,    s  00 
Wehrenfenning'sAnalysisandSofteningof  Boiler  Feed-water  (Patterson)  Svo,    4  00 

Welsbach's  Heat,  Steam,  and  Steam-ezigines.     (Du  Bois.) Svo,    5  00 

WhiUiam's  Steam-engine  Design Svo,    5  00 

Wood's  Thermodyxiamacs,  Heat  Motors,  and  Refrigerating  Machines. .  .Svo,    4  00 

MECB[ANICS  AND  MACHINERY. 

Barr's  Kinematics  of  Machinery. «8fo,  a  50 

*  Boveir's  Strength  of  Materials  and  Theory  of  Structure! Svo,  7  so 

Chase's  The  Art  of  Pattern-making xamo,  2  90 
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Church's  Mechanics  of  Engineering Sto, 


Notes  and  Examples  in  Mechanics 8vo, 

Compton's  First  Treasons  in  Metal-working i2mo, 

Compton  and  De  Groodt'a  The  Speed  Lathe Z2mo, 

Cromwell's  Treatise  on  Toothed  Gearing lamo, 

Treatise  on  Belts  and  Pulleys. lamo, 

Dana's  Text-book  of  Elementary  Mechanics  for  Colleges  and  Schools.  .i2mo 

Dingey's  Machinery  Pattern  Making zamo, 

Dredge's  Record  of  the  Transportation  Exhibits  Building  of  the  World's 

Columbian  Exposition  of  1893 4to  half  morocco, 

Du  Bois's  Elementary  Principles  of  Mechanics: 

VoL     I.     Kinematics 8vo, 

VoL    U.     Statics Svo, 

Mechanics  of  Engineering.     VoL    I Small  4to, 

VoL  II Small  4*0, 

Durley's  Kinematics  of  Machines. 8to, 

Fitzgerald's  Boston  Machinist i6mo, 

Flather's  Dirnamometers*  and  the  Measurement  of  Pbwer lamo, 

Rope  Driving lamo, 

Gois's  Locomotive  Sparks. 8vo, 

Locomotive  Performance 8vo, 

*  Greene's  Structural  Mechanics 8vo, 

Hall's  Car  Lubrication lamo, 

Hobart  and  Ellis's  High-speed  Dynamo  Electric  Machinery.     (In  Press.) 

Holly's  Art  of  Saw  Filing i8mo, 

James's  Kinematics  of  a  Point  and  the  Rational  Mechanics  of  a  Particle. 

Small  8vo, 

*  Johnson's  (W.  W.)  Theoretical  Mechanics lamo, 

Johnson's  (L.  J.)  Statics  by  Graphic  and  Algebraic  Methods 8vo, 

Jones's  Machine  Design: 

Part   I.    Kinematics  of  Machinery. 8vo 

Part  n.    Form,  Strength,  and  Proportions  of  Parts 8vo, 

Kerr's  Power  and  Power  Transmission 8vo, 

Lanza's  Applied  Mechanics. 8vo, 

Leonard's  Machine  Shop,  Tools,  and  Methpds 8vo, 

*  Lorenz's  Modern  Refrigerating  Machinery.     (Pope,  Haven,  and  Dean.).8vo, 
MacCord's  Kinematics;  or.  Practical  Mechanism 8vo, 

Velocity  Diagrams. 8vo, 

*  Martin's  Text  Book  on  Mechanics,  VoL  I,  Statics i2mo, 

*  Vol.  2,  Kinematics  and  Kinetics  .  .i2mo 

Maurer's  Technical  Mechanics. 8vo, 

Merriman's  Mechanics  of  Materials. 8vo, 

*  Elements  of  Mechanics zimo, 

*  Michie's  Elements  of  Analytical  Mechanics. 8vo, 

*  Parshall  and  Hobart's  Electric  Machine  Design 4to,  half  morocco,  za  50 

Reagan's  Locomotives:  Simple,  Compound,  and  Electric.     New  Edition. 

Large  zamo, 
Reid's  Course  in  Mechanical  Drawing. 8vo, 

Text-book  of  Mechanical  Drawizig  and  Elementary  Machine  Design. 8vo, 

Richards's  Compressed  Air. zamo, 

Robinson's  Principles  of  Mechanism. 8vo, 

Ryan,  Norris,  and  Hoxie's  Electrical  Machinery.    VoL  1 8vo, 

Sanborn's  Mechanics;  Problezns Large  zamo, 

Schwamb  and  Merrill's  Elements  of  Mechaziism 8vo, 

Sinclair's  Locomotive-engine  Runziing  and  Management z2Ztto, 

Sznith's  (O.)  Press-working  of  Metals 8vo, 

Szziith's  (A.  W.)  Materials  of  Machines. zamo, 

Smith  (A.  W.)  and  Marx's  Machine  Design. 8vo, 

fiord's   Carbiiivtiiic  and  Combiistioa  of  Alootaol  Engines.     (Woodward  and 

Piwton.) ~ Largo  8vo.  J  o» 
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SiMUigler*  Greene,  and  Harshall's  Elements  of  Steam-engineering. 8vo.    3  00 

ThfUBton's  Treatise  on  Friction  and  Lost  Work  in    Machinery  and    Mill 
Work. 8vo, 

Animal  as  a  Machine  and  Prime  Motor,  and  the  Lawc  of  Energetics,  x  amo, 

TiUson's  Complete  Automobile  Instructor x6mo« 

Morocco, 

Warren's  Elements  of  Machine  Construction  and  Drawing 8vo, 

Welsbach's  Kinematics  and  Power  of  Transmission.  ( Herrmann — Klein. ) .  8vo. 

Machinery  of  Transmission  and  Governors.      (Herrmann — Klein. ).8yo. 
Wood's  Elements  of  Analytical  Mechanics. 8vo, 

Principles  of  Elementary  Mechanics lamo. 

Turbines. 8yo, 

The  World's  Columbian  Exposition  of  2893 4to, 

MEDICAL. 

*  Boldnan's  Tmttume  Seia izmo, 

De  Fursac's  Manual  of  Psychiatry.     (Rosanoflf  and  Collins.). Large  xamo, 

Ehrlich's  Collected  Studies  on  Immunity.     (Bolduan.) 8vo. 

*  Fischer's  Physicdogy  of  Alimentation Large  iZmo,  doth. 

Hammarsten*s  Text-book  on  Physiok>gical  Chemistry.     (Mandel.) 8vo, 

Lassar-Cohn's  Practical  Urinary  Analysis.     (Lorenz.) 12010, 

*  PauU's  Physical  Chemistry  m  the  Service  of  Medicine.     (Fischer.) ....  lamo, 

*  Pozzi-Escot's  The  Toxins  and  Venoms  and  their  Antibodies.     (Cohn. ).  1 2mo, 

Rostoski's  Serum  Diagnosis.     (Bolduan.) zamo. 

Salkowski's  Physiological  and  Pathological  Chemistry.     (Orndorff.) 8vo, 

*  Satterlee's  Outlines  of  Human  Embryology zamo. 

Steel's  Treatise  on  the  Diseases  of  the  Dog 8vo, 

Von  Behring's  Suppression  of  Tuberculosis.     (Bolduan.) i2mo, 

Woodhull's  Notes  on  Military  Hygiene i6mo, 

♦  Personal  Hygiene zamo, 

Wulling's  An  Elementary  Course  in  Inorganic  Pharmaceutical  and  Medical 

Chemistry lamo,    a  00 

METALLURGY. 

Betts's  Lead  Refining  by  Electrolysis.    (In  Press.) 

Egieston's  Metallurgy  of  Silver,  Gold,  and  Mercury: 

Vol.    I.     Sihrer 8vo,  7  5© 

Vol.  n.     Gold  and  Mercury. 8vo,  7  So 

Goesel's  Minerals  and  Metals:     A  Reference  Book i6mo,  mor.  3  00 

*  Ilea's  Lead-smelting zamo,  a  50 

Keep's  Cast  Iron 8vo,  a  50 

Kunhardt's  Practice  of  Ore  Dressing  in  Europe 8vo,  i  50 

Le  Chatelier's  High-temperature  Measurements.  (Boudouard — Burgess. )x3mo,  3  00 

MetcaVs  SteeL     A  Manual  for  Steel-users lamo,  a  00 

Miller's  Cyanide  Process lamo,  z  00 

Minet's  Production  of  Aluminum  and  its  Industrial  Use.     (Waldo.) zamo,  a  50 

Robine  and  Lenglen's  Cyanide  Industry.     (Le  Clerc.) 8vo,  4  00 

Smith's  Materials  of  Machines zamo,  i  00 

Thurston's  Materials  of  Engineering.    In  Three  Parts 8vo,  8  eo 

Part    EL     Iron  and  SteeL 8vo,  3  50 

Part  m.     A  Treatise  on  Brasses,  Bronzes,  and  Other  Alloys  and  their 

Constituents 8vo,  a  50 

Ulke's  Modem  Electrolytic  Copper  Refining 8vo,  3  00 

MINERALOGY. 
Barriziger's  Description  of  Minerals  of  Commercial  Vahie.   Obk>ng,  mofocco,    a  so 

Boyd's  Resources  of  Southwest  Virginia. 8vo,    3  00 
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Boyd's  Map  Of  Southwest  Virignia. Pocket-book  form,  a  oo 

*  Browning's  Introduction  to  the  Rarer  Elements Rvo,  x  50 

Bmah's  Manual  of  Determinatiye  Mineralogy.     (Penfield.) 8vo.  4  00 

Chester's  Catalogue  of  Minerals. 8vo,  paper,  x  00 

Cloth,  I  35 

Dictionary  of  the  Names  of  Minerals. Syo,  3  5a 

Dana's  System  of  Mineralogy. Large  8vo,  half  leather,  12  50 

First  Appendix  to  Dana's  New  '*  System  of  Mineralogy." Large  8vo,  x  00 

Text-book  of  Mineralogy 8vo,  4  00 

Minerals  and  How  to  Study  Them lamo,  i  50 

Catalogue  of  American  Localities  of  Minerals. Large  8yo,  i  oo 

Manual  of  Mineralogy  and  Petrography. xamo  a  oo 

Douglas's  Untechnical  Addresses  on  Technical  Subjects. xamo,  x  00 

Eakle's  Mineral  Tables 8vo,  i  35 

Egleston's  Catalogue  of  Minerals  and  Synonyms. 8vo,  3  50 

Ooesel's  Minerals  and  Metals :    A  Reference  Book i6mo,  mor.  3  00 

Groth's  Introduction  to  Chemical  Crystallography  (Marshall) xamo,  x  35 

Iddittgs's  Rock  Minerals 8vo,  5  00 

johannsen's  Key  for  the  Detennination  of  Sock-forming  Minerals  In  Thin 
Sections.    (In  Press.) 

*  Martin's  Laboratory  Gnide  to  Qualitative  Analysis  with  the  Blowpipe.  X3mo,  60 
Merrill's  Non-metallic  Minerals.  Their  Occurrence  and  Uses SVo,  4  00 

Stones  for  Bnildini^  and  Decoration 8vo,  500 

*  Penfield's  Notes  on  Determlnatiye  Mineralogy  and  Record  of  Mineral  Tests. 

8to,  paper,  50 

TaUee  of  MineralB 8vo,  1  oo 

*  Richards's  Synopsis  of  Mineral  Characters x3mo.  morocco,  i  3S 

^Ries's  Clays.  Their  Occurrence.  Properties,  and  Uses 8vo,  5  oo* 

Rosenbusch's  Microscopical  Physiography  of  the  Rock-making  Minerals. 

(Iddings.) 8vo,  5  00 

*  Tillman's  Text-book  of  Important  Minerals  and  Rocks. 8vo,  3  oa 

MINING. 

Beard's  Mine  Gases  and  Explosions.    (In  Press.) 

Boyd's  Resources  of  Southwest  Virginia. 870,  3  00 

Map  of  Southwest  Virginia Pocket-book  form,  2  oo 

Douglas's  Untechnical  Addresses  on  Technical  Subjects. x3mo,  x  90 

Eissler's  Modem  High  Explosives.     8vo,  4  00 

Goesel's  Minerals  and  Metals :    A  Reference  Book i6mo,  mor.  3  00 

Goodyear's  Coal-mines  of  the  Western  Coait  of  the  United  States. x3mo,  3  50 

Ihkeng's  Manual  of  Mining 8vo,  5  00 

*  Des's  Lead-smelting. .xamo,  3  50 

Kunhardt's  Practice  of  Ore  Dressing  in  Europe 8vo,  x  50 

Miller's  Cyanide  Process , xamo,  x  00 

O'Driscoll's  Notes  on  the  Treatment  of  Gold  Ores. 8vo,  a  00 

Robine  and  Lenglen's  Cyanide  Industry.     (Le  Clsrc. ) 8vo,  4  00 

Weaver's  Military  Explosives. 8vo,  3  00 

Wilson's  Cyanide  Processes ^ xamo.  x  50 

Chlorination  Process xamo,    x  50 

Hydraulic  and  Placer  Mining,    ad  edition,  rewritten xamo,    a  50 

Treatise  on  Practical  and  Theoretical  Mine  Ventilation. lamo,    i  35 

SAIOTARY  SCIENCE. 

Bashore's  Sanitation  of  a  Country  House x3mo,  x  00 

«      Outlines  of  Practical  Sanitation X3mo,  x  35 

Folwell's  Sewerage.    (Designing,  Construction,  and  Mamtenance.). 8vo,  3  00 

Water-supply  Engineering. 8vo,  4  00 
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Fowler's  Sewage  Works  Analyses iimo, 

Fuertes's  Water  and  Public  Health zamo» 

Water-filtration  Works lamo, 

Gerhard's  Guide  to  Sanitary  House-inspection i6mo. 

Sanitation  of  Puldic  Bnlldinss i2nio. 

Hazen's  Filtration  of  Public  Water-supplies 8vo, 

Leach's  The  Inspection  and  Analysis  of  Food  with  Special  Reference  to  State 

Control ' 8vo, 

Mason's  Water-supply.  (Considered  principally  from  a  Sanitary  Standpoint )  8vo, 

Examination  of  Water.     (Chemical  and  Bacteriological) lamo, 

*  Merriman's  Elements  of  Sanitary  Engineering 8to^ 

Ogden*B  Sewer  Design xamo. 

Prescott  and  Winslow's  Elements  of  Water  Bacteriology,  with  Special  Refer- 
ence to  Sanitary  Water  Analysis. lamo, 

*  Price's  Handbook  on  Sanitation. zamo, 

Richards's  Cost  of  Food.     A  Study  in  Dietaries lamo. 

Cost  of  Living  as  Modified  by  Sanitary  Science lamo, 

Cost  of  Shelter zamo, 

Richards  and  Woodman's  Air.  Water,  and  Food  from  a  Sanitary  Stand- 
point   8vo, 

*  Richards  and  Williams's  The  Dietary  Computer 8vo, 

Rideal's  S  wage  and  Bacterial  Purification  of  Sewage 8vo, 

Disinfection  and  the  Preservation  of  Food 8vo, 

Tumeaure  and  Russell's  Public  Water-supplies. 8vo, 

Von  Behring's  Suppression  of  Tuberculosis.     (Bolduan.) zamo, 

Whipple's  Microscopy  of  Drinking-water 8vo, 

Wilson's  Air  Conditioning.    (In  Press.) 

Winton's  Microscopy  of  Vegetable  Foods 8vo, 

Woodhull's  Notes  on  Military  Hygiene zCmo, 

^      Personal  Hygiene.  •  • xamo. 


MISCELLANEOUS. 

Association  of  State  and  National  Food  and  Daiiy  Departments  (Interstate 
Pare  Food  Conmiission) : 

Tenth  Annual  Convention  Held  at  Hartford.  July  17-20,  1906.  ...Svo,    3  oo 
Eleventh   Annual   Convention.   Htid  at  Jamestown  Tii-Centennial 
Bxpoeition,  July  16-19,  1907.     (In  Press.) 
Emmons's  Geological  Guide-book  of  the  Rocky  Mountain  Excursion  of  the 

International  Congress  of  Geologists. Large  Cvo,    z  so 

Ferrel's  Popular  Treatise  on  the  Winds. 8vo,    4  00 

Gannett's  Statistical  Abstract  of  the  World  34mo«       75 

Gerhard's  The  Modem  Bath  and  Bath-houses.     (In  Press.) 

Haines's  American  Railway  Management. zamo,    a  50 

Ricketts's  History  of  Rensselaer  Polytechnic  Institute,  z8a4-z894.  .Small  8vo,    '3  00 

Rotherham's  Emphasized  New  Testament Large  8vo,    a  Oo 

Standage's  Decorative  Treatznent  of  Wood,  Glaas,  Metal,  etc.     (In  Press.) 

The  World's  Columbian  Exposition  of  1893 4to,    z  00 

Winslow's  Elements  of  Applied  Microscopy zamo,    z  50 


HEBREW  AND  CHALDEE  TEXT-BOOKS. 

Green's  Elementary  Hebrew  Grammar zamo,  z  as 

Hebrew  Chrestomathy , 8vo,  a  00 

Gesenius's  Hebrew  and  Chaidee  Lexicon  to  the  Old  Testament  Scriptures. 

(Tregelles.) Small  4to,  half  morocco .  5  00 

Letteris's  Hebrew  Bible 8vo,  a  as 
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